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Abstract
We have observed a change in the behaviour of voltage-relaxation curves with remnant magnetic flux, when the maximum 
magnetic field applied before starting the relaxation process, H

am
 , reaches 80 Oe in two samples of Bi

1.65
Pb

0.35
Sr

2
Ca

2
Cu

3
O

10+�
 

(Bi-2223) doped with �-Al
2
O

3
 nanoparticles. This modification consists in the emergence of a maximum in the temporal 

dependence of the voltage, V(t), which appears in the vicinity of the first 5 s after applying to the sample an excitation current 
lightly higher than the superconducting critical current of the material. In addition to that, the voltage drop rate increases 
appreciably with increasing applied magnetic fields. As complementary studies, X-ray diffraction patterns, scanning electron 
microscopy, measurements of magnetization as a function of applied magnetic field and critical current density are also 
included. The experimental results corroborate the occurrence of intragranular Abrikosov–Josephson vortices in Bi-2223 
ceramic superconductors. Furthermore, the analysis provides a new procedure for detecting penetration of the magnetic flux 
into intragranular planar defects and clean regions of the grains (crystallites), with increasing applied maximum magnetic 
field, H

am
.

1  Introduction

The study of the granularity in Bi-2223 superconductors 
continue to be a current subject in the Materials Science, due 
to the fact that they are promising candidates for reducing 
energy consumption in practical applications, such as mag-
nets, motors, current leads, power cables [1–4] and fault cur-
rent limiters [5, 6]. The grains in Bi-2223 superconductors 

have a complex structure due to their high intrinsic anisot-
ropy [7] and a network of planar defects [8]. These defects, 
such as stacking faults [9] or colonies of low angle bounda-
ries, greatly affect the determination of the lower critical 
field of the grains, Hc1g , that is commonly defined as the 
magnetic field starting from which the magnetic flux pen-
etrates into the grains.

In a previous paper Hernández-Wolpez et al. [10] have 
demonstrated that in the interval of applied magnetic fields, 
Ha , between 30 and 80 Oe, the penetration and trapping of 
the magnetic flux occur through intragranular defects which 
are assumed to be planar defects are described above.

More recently, it has been shown that the magnetic flux 
penetrates into planar defects as Abrikosov–Josephson (AJ) 
vortices [11] taking into account the values of applied mag-
netic field at which the phenomenon is observed [12]. In 
that paper, they first showed that the intrinsic anisotropy of 
the grains may be compensated by their shape anisotropy. 
Afterwards, by using a brief theoretical formulation, they 
estimated the minimum misorientation angle of the intra-
granular planar defects where the AJ vortices emerge for 
a given applied magnetic field was estimated. Finally, they 
found the planar defect angles that correspond to lower criti-
cal fields reported for whiskers [13] and textured ceramics 
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[14] which are related with the two main direction of the 
grains. These experiments and calculations allow evaluating 
the intragranular structure of defects in powder and pellet 
samples of Bi-2223 superconductors.

On the other hand, Altshuler et al. [15] have reported 
voltage relaxation measurements in polycrystalline 
YBa

2
Cu

3
O

7−� samples. They assumed the voltage, which 
was detected by the classical four probe method, as indirect 
measurement of intragranular magnetization. For trapped 
fluxes in samples subjected to applied magnetic fields below 
the lower critical field of the grains, the voltage relaxation 
was absent. The authors then concluded that in their samples 
there was not trapped flux along the intergranular region 
inside the detection limits of the measuring system [15]. 
However, the study of the voltage-relaxation with remnant 
magnetic flux in form of AJ vortices inside these supercon-
ducting materials have not been reported yet, as far as the 
authors know.

In order to improve the electric transport properties of the 
Bi-2223 superconducting samples, the doping with nanopar-
ticles (NPs) have been used for several authors [16–19]. In 
two of these works, alumina NPs in a Bi-2223 matrix were 
introduced [16, 17]. However, the authors did not study the 
voltage relaxation curves in those samples.

In this work, we have observed a different behaviour in 
the voltage-relaxation curves with remnant magnetic flux, 
when the maximum applied magnetic field before starting 
the relaxation process, Ham , reaches 80 Oe. This difference 
consists in the emergence of a maximum in the temporal 
dependence of the voltage, V(t), which appears close t = 5 s 
after applying an excitation current lightly higher than the 
critical one at 77 K. The phenomenon is studied in poly-
crystalline Bi-2223 samples doped with �-Al

2
O

3
 NPs. The 

results are explained assuming the presence of Abrikosov 
(A) and AJ vortices within the material. Also, the results 
add new experimental findings regarding the detection of AJ 
vortices in Bi-2223 granular superconductors. In summary, 
we are offering a new procedure to detect the penetration of 
the magnetic flux in polycrystalline sample of Bi-2223: first 
into the intragranular planar defects; and then into the free of 
defects regions of the grains or crystallites, when increasing 
values of 0 < Ham ≤ Hc1g are applied.

2 � Experimental details

The samples used in this study were prepared from pow-
ders of Bi

2
O

3
 , PbO, SrCO

3
 , CaCO

3
 , and CuO, which 

were mixed in an atomic ratio of Bi:Pb:Sr:Ca:Cu 
(1.65:0.35:2:2:3) to obtain samples with nominal compo-
sition Bi

1.65
Pb

0.35
Sr

2
Ca

2
Cu

3
O

10+� . Details of the samples 
preparation process are described elsewhere [20]. Before the 
last heat treatment, the powders were mixed with different 

contents of �-Al
2
O

3
 NPs (diameter ~40 nm): 0.3 wt% (B03) 

and 0.5 wt% (B05) samples of the total masses using isopro-
panol to avoid the NPs agglomerations. These samples were 
uniaxially compacted at 249 MPa after adding �-Al

2
O

3
 NPs 

and heat-treated in air, at 845 °C for 12 h.
The phase purity of the samples was investigated by X-ray 

diffraction patterns (XRD) using Cu K � radiation. Powder 
diffraction patterns were collected at room temperature with 
a Brucker D8 advanced diffractometer by using the scanning 
mode with a step size �(2�) = 0.02° and 3° < 2θ < 80° dur-
ing 3 s of counting time.

The study of the morphology of the samples was done 
by using scanning electron microscopy (SEM). The aver-
age grain’s size of both pellet and powder samples also was 
determined by the same technique with the help of NOVA 
nano SEM 200 microscope operating between 10 and 15 kV.

In all the cases from the same ceramic superconductors, 
two types of samples were extracted: pellet and powder 
for measurements of flux-trapping and voltage relaxation 
curves, and M(Ha) , respectively. A piece of the pellet was 
manually milled during 15 min to obtain the powder sam-
ples. Magnetization as a function of low applied magnetic 
fields, M(Ha ), were measured by using a commercial Quan-
tum Design SQUID magnetometer. In these experiments, 
powders of a given sample were cooled in zero applied mag-
netic field from room temperature down to 77 K. After this 
step, the applied magnetic field, Ha , was then increased from 
0 to 500 Oe, in steps of 5 Oe and the magnetization was 
measured for each value of Ha.

Measurements of Jc(0,Ham) were performed using the 
standard dc four-probe method in pellet samples with typical 
dimensions of d = 0.5 mm (thickness), w = 2 mm (width), 
and l = 10 mm (length). This type of measurement corre-
sponds to the so-called flux-trapping curves, as described 
elsewhere [21]. The samples are cooled down to 77 K in 
zero applied magnetic field, similarly to the described above. 
Then, a certain value of maximum applied magnetic field, 
Ham , is applied to the sample for approximately 30 s, reduced 
to zero, and the critical current density is determined from 
the I versus V curve by using the criterion of 1 μV. Finally, 
the sample is warmed up to temperatures higher than the 
superconducting critical temperature and cooled down to 
77 K in zero applied magnetic field. By repeating these 
steps for different values of Ham , the flux-trapping curve is 
obtained.

Measurements of voltage relaxation V(t) were performed 
in similar way as described elsewhere [15]. The first steps 
are the same described for the measurements of Jc(0,Ham) 
until the application of the Ham and its reduction to zero. 
After this step, an excitation current lightly higher to the 
critical one of the material is applied and then the voltages 
and the corresponding intervals of time are automatically 
registered.
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3 � Results and discussion

3.1 � Microstructural characterizations

The studied samples are composed by a mixture of phases 
in which the Bi-2223 phase coexists with others, such as: 
Bi-2212, Bi-2201 and Ca

2
PbO

4
 . The determination of the 

phase composition was performed by using a similar method 
to that reported in Refs. [22, 23]. The volume fraction of the 
Bi-2223 phase was found to be ~85%; a similar fraction to 
that reported elsewhere [10]. The main important result from 
XRD patterns focused in the objective of this article, is that 
there are no changes in the XRD peak positions similar to 
another work [17]. This result explains the fact that the stoi-
chiometry of the grains of the Bi-2223 phase is not modified 
by doping with �-Al

2
O

3
 NPs (Fig. 1).

In Fig. 2 the platelet-like shape of the grains [17, 24] of 
the samples is displayed. Notice that, different doping per-
centages do not provoke great modifications in the granular 
morphology of the ceramics judging by the mean grain’s 
size, which is the similar for the two samples in pellet, but 
different in the powder samples. Probably the increase of 

Fig. 1   XRD patterns of the B03 and B05 samples

Fig. 2   SEM micrographs of the pellets and powder samples, respectively: B03 (a,  c) and B05 (b,  d)
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the alumina percentage provokes a reduction in the pow-
ders grain’s size. The subscripts a and c represent the 
dimensions of the crystallites for the a–b plane and the c 
direction, respectively, as displayed in Table 1. Also, the 
ratio La∕Lc ∼ (10 − 40) . All these results agree with those 
reported in Refs. [10, 20, 25]

3.2 � M(H
a
) curves

In Fig. 3 the normalized magnetization curves, M(Ha)∕Mmin, 
for the two powder samples are shown. These curves exhibit 
a quasi-linear behaviour in the interval 0 < Ha < 80 Oe, 
which is related with the Meissner state of the grains of 
the powder samples. Both curves display also a Bean-like 
behaviour [26] in the whole range of applied magnetic field 
0 < Ha < 300 Oe. However, the sample B03 exhibits lower 
values in whole the range of applied magnetic field, probably 
related with the different percentage of doping.

The normalized susceptibility curves, �(Ha)∕ ∣ �min ∣ , 
shown in the inset of Fig. 3 have been reported before 
for other types of Bi-2223 samples [10, 12]. The division 
of the inset in three parts corresponds to the penetration 
of the magnetic flux into the Josephson junctions, pla-
nar defects and crystallites (regions of the grains free of 
defects), respectively, for increasing Ha values. The expla-
nation to the stepped behaviour of them, which mainly 
appears in the 30 < Ha < 80 Oe interval, is based on the 
penetration of the magnetic flux into the planar defects of 
the Bi-2223 grains [10, 12]. Thus, the doping with small 
percentages of �-Al

2
O

3
 NPs does not modify essentially 

such behaviour, which is intrinsic of the Bi-2223 phase 
due to its complex granular structure. However, the dop-
ing acts to raise some features of these as shown in Fig. 3. 
Notice that in both types of curves the B03 sample shows 
a more pronounced variation with the applied magnetic 
field.

3.3 � Critical current density and flux‑trapping curves

The improvement of the critical current density, Jc , and its 
behaviour under an applied magnetic field, Jc(Ha) , can be 
achieved by introducing efficient pinning centers [16–19] 
in these materials, but the size of NPs, which are used with 
that purpose, cannot be arbitrary. When the pinning center 
is larger than the coherence length, � , but smaller than 
penetration depth, � , the Jc will increase [27, 28]. Thus, a 
strong interaction between magnetic flux line network and 
the (Bi,Pb)-2223 matrix can be expected if 𝜉 < L < 𝜆 , where 
L is the NPs size [28]. However, it has been suggested that 
the optimum size for flux pinning centers should be compa-
rable to � rather than � . For (Bi,Pb)-2223, � is 2.9 nm and 
� is 60–1000 nm [28]. Here, we are using �-Al

2
O

3
 NPs of 

~40 nm similar to those used in Ref. [17].
Figure 4 shows the current density versus voltage curves 

of the B03 and B05 samples. From these curves the critical 
current densities at zero applied magnetic field and 77 K of 
the samples resulted to be 163.0 and 74.0 A/cm2, respec-
tively, by using the criterion of 1 μV. Similarly to what hap-
pens with the magnetic properties, the transport properties 
of these two samples are different due to the percentage of 
�-Al

2
O

3
 NPs used for their elaboration. The critical cur-

rent of the B03 sample is more than twice the value of this 
magnitude for the B05 sample. The over-doped sample ( x ≥ 
0.5 wt%) are associated with the presence of small areas of 
�-Al

2
O

3
 NPs agglomerations distributed between (Bi,Pb)-

2223 grains [17]. For that reason, the B05 sample has poorer 
superconducting transport properties than that doped with 
0.3 wt% B03. Thus, these two types of samples were selected 
because they exhibit the best (B03) and worst (B05) electric 
transport properties in our sample set, respectively.

Table 1   Grain’s size of the samples set

Samples L
a
 (μm) L

c
 (μm)

B03 powder 0.8 0.04
 B03 pellet 0.7 0.09

B05 powder 0.4 0.01
 B05 pellet 1.00 0.1

Fig. 3   Magnetization as a function of applied magnetic field of the 
powder samples B03 and B05. The inset shows the dependence of 
the normalized susceptibility �∕ ∣ �

min
∣ as a function of applied mag-

netic field in the interval 20 < H
a
< 110 Oe of both powder samples. 

Vertical lines divide the inset in three regions that correspond to the 
magnetic flux penetration into the Josephson junctions, intragranular 
planar defects and crystallites, respectively, for increasing magnetic 
field
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In Fig. 5 the normalized critical current density as a func-
tion of Ham for both pellet samples are shown. A combined 
analysis of 

Figures 3 and 5 suggests that the penetration and trap-
ping processes in powder and pellet samples, are also closely 
related in these samples, similar to the experiment already 
published for our group [10]. Another important feature to 
be considered here is that the Jc(0,Ham) curves of the two 
samples are also different. The effect of the trapped flux 

on the critical current density is more pronounced in B03 
sample. The �-Al

2
O

3
 NPs in the superconducting matrix can 

modifying appreciably the magnetic flux trapping effects in 
the B03 sample in comparison with previous results in other 
types of samples [10, 25]. However, an subsequent increase 
of the percentage of �-Al

2
O

3
 NPs in the total mass of the 

samples may re-establish the flux trapping properties similar 
to that of samples without doping. Analogous results have 
been reported elsewhere [17] in the case of the curves of 
resistivity as a function of temperature. Finally, the plot of 
Fig. 5 have been divided in three regions that represent the 
penetration and trapping of the magnetic flux into the weak 
links, planar defects and crystallites (regions free of defects), 
respectively, in similar way as shown in the inset of Fig. 3. 
In addition, the crossover of Josephson (J)–AJ vortices and 
AJ–A vortices are also shown according to the results dis-
cussed elsewhere [12].

3.4 � Voltage relaxation

In previous subsections we have shown that the Bi-2223 
ceramic samples doped with �-Al

2
O

3
 NPs have a similar 

behaviour than those exhibit by Cu, Ca enriched samples 
[10] or non-doped samples compacted at different pressures 
[25]. Thus, the penetration of the magnetic flux into planar 
defects for applied magnetic fields lower than 80 Oe seems 
to be a quite general behaviour in Bi-2223 superconductors. 
Nevertheless, the magnetic and transport properties of the 
two samples are modified quantitatively in an appreciable 
way when the doping with �-Al

2
O

3
 NPs is altered. This is 

an important issue for our purpose, since we have interest in 
the study of the voltage relaxation in samples with certain 
amount of trapped flux, which in turn, exhibit different trans-
port and magnetic properties. The main role of the doping 
with �-Al

2
O

3
 NPs is the variation of the pinning energy of 

the samples. Consequently, a variation in the voltage-relax-
ation curves should be observed.

Let us start analysing Fig. 6 taking into consideration 
the results shown in Fig. 4. We focus our attention on 
relaxation times lower than 50 s, just at the very beginning 
of the relaxation process corresponding to the B05 sample. 
In the curve obtained for a maximum applied magnetic 
field of 30 Oe and excitation current, Ie = 1.1Ic = 0.815 
A, where Ic is the critical current of the sample, the initial 
voltage is 2.16 μV. However, the voltage obtained in the 
current density versus voltage curve is 1.9 μV, so the dif-
ference is less than of 0.2 μV. On the other hand, when the 
maximum applied magnetic field is increased to 50 Oe, 
the voltage in the relaxation curve is two times the value 
without the effects of the trapped flux. Thus, this differ-
ence is more pronounced for 60 and 70 Oe. The increment 
of the voltage has two main causes: (a) the dissipation 
due to the displacement of the AJ vortices in the network 

Fig. 4   Critical current density of B03 and B05 samples at zero 
applied magnetic field and 77  K. The straight line parallel to the J 
axis represents the criterion of 1 μV

Fig. 5   Normalized critical current density as a function of H
am

 for the 
B03 and B05 samples. Discontinuous lines show the different regions 
delimited in the inset of Fig. 3. Here, the crossovers of Josephson (J)–
AJ vortices and AJ–A vortices are also shown according to the results 
reported elsewhere [12]
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of intragranular planar defects, (b) the reduction of the 
transport capability of the Josephson junctions provoked 
by the intergranular magnetic field, GMpd . Here, G is an 
effective demagnetization factor and Mpd the intragranular 
magnetization as consequence of the AJ vortices trapped 
inside the planar defects. In the studied range of time, 
for maximum applied magnetic fields inside the interval 
30 < Ham < 70 Oe, the behaviour of the curves is the fol-
lowing. First, the voltage increases lightly during the first 
5 s and then a almost constant value is established. This 
behaviour can be explained assuming that the intragranular 
magnetic flux is confined to the planar defects and there-
fore the main causes of the dissipation are quasi-station-
ary. It means that even when the AJ vortices are moving 
throughout the material, the mean value of Mpd is time-
independent or its variation can be neglected.

On the other hand, when the applied magnetic field 
reaches 80 Oe, an appreciable modification in the V(t) 
curve is observed. The curve reaches a maximum at the 
first 5 s of the relaxation process and then decrease appre-
ciably. This behaviour is in perfect agreement with the 
penetration of the magnetic flux inside the crystallites and 
the emergence of the A vortices. These generate a new 
component of the intragranular magnetization which is 
time-dependent because the A vortices are not confined 
to an small area as the AJ ones. Also, the maximum in the 
curve may be explained by assuming the emergence of two 
contrary tendencies. During the first seconds of applying 
the excitation current the V(t) increases until reaching the 
speed limit of the AJ vortices in the planar defects net-
work, but at the same time the intragranular magnetization 
and consequently the intergranular magnetic fields that 
affect the Josephson junctions stars to decreases due to 
the modification of the Bean profiles [26] because of the 
intragranular flux creep [15]. Moreover, the penetration 
of the magnetic flux into the crystallites relives the con-
gestion of the magnetic flux inside the planar defects and 
consequently the voltage generated in the intragranular 
planar defects decreases. Thus, these contrary tendencies 
that affect the V(t) curve give place to the observed maxi-
mum in the V(t) curve for Ham = 80 Oe.

In panel (b) of Fig. 6 the results for a higher excitation 
current, Ie = 1.3Ic = 0.963 A. The behaviour is similar to 
that displayed in the panel (a), but two main differences 
are observed. First, the maximum in the V(t) curve corre-
sponding to a maximum applied magnetic field of 80 Oe is 
essentially negligible. The increase of the V(t) dependence at 
the first 5 s of the relaxation process, for maximum applied 
magnetic fields lower than 80 Oe, are much less appreciable 
than in the panel (a). This is an expected result in the frame-
work of our model. When the excitation current increases, 
the number of Josephson junctions that can sense the effect 
of the remnant magnetic flux on the voltage is reduced. Nev-
ertheless, a behaviour change at a maximum applied mag-
netic field of 80 Oe continue to be observed. For example, 
the voltage drop rate increases appreciably for the curve 
obtained at 80 Oe as compared with the remaining ones.

Figure 7 shows similar results than those displayed in 
panel (a) of Fig. 6 for B03 sample. One issue to be high-
lighted here is that we are dealing with a sample with 
higher critical current. Thus, once the critical current is 
surpassed the obtained voltage may be also higher. On 
the other hand, the B03 sample exhibits similar behaviour 
than the B05 sample. However, the B03 sample reaches the 
equilibrium voltage later than the B05 sample. This differ-
ence should be related with the better transport properties 
of the B03 sample.

a

b

Fig. 6   Voltage relaxation with remnant magnetic flux of the B05 
sample at zero applied magnetic field and 77 K. a I

e
= 1.1I

c
 and  b 

I
e
= 1.3I

c
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To quantify the differences between the behaviours of the 
both samples let us compare some parameters that can be 
extracted from Figs. 6a and 7.

The times to reach the equilibrium voltage measured from 
the curves with Ham = 60 Oe are 9.23 and 4.35 s for B03 
and B05 samples, respectively. Consequently, the peaks in 
the curves obtained for Ham = 80 Oe are at 6.0 and 2.7 s, 
respectively. Notice that the higher values correspond to the 
B03 sample.

On the other hand, the voltage drop rates calculated by the 
formula, �V/Vm , where �V = V(50) − Vm and Vm is the maxi-
mum value of the voltage, are 7.5 and 16.7%, for the B03 
and B05 samples, respectively. The data has been extracted 
from the curves obtained at 80 Oe. However, if these cal-
culations are performed for the curves obtained at 70 Oe 
of both samples the results are 1.3 and 3.9%, respectively. 
In addition to that, similar calculations from the curves 
obtained with Ham = 60 Oe are approximately 1.8% for both 
samples. Thus, the penetration of the magnetic flux inside 
the crystallites results in an appreciable increase of the volt-
age drop rate for both samples studied in this work. Also 
the values of the voltage drop rate for the B03 sample are 
lower than those obtained for the B05 sample. It is related 
with a better vortex-pinning in the B03 sample than in the 
B05 sample.

The increase of the excitation current results in a decrease 
of the voltage drop rate as can be obtained for the B05 sam-
ple from Fig. 6. The value of the voltage drop rate for this 
sample measured with Ham = 80 Oe and excitation current 
1.3Ic is 13.2. This value is lower than that obtained for an 
excitation current 1.1Ic in the same sample, but it is still 
close to be almost two times higher than the value that cor-
respond to the B03 sample for an excitation current of 1.1Ic.

4 � Conclusions

Starting from transport and magnetic measurements, we 
have shown that Bi-2223 samples doped with �-Al

2
O

3
 NPs 

in 0.3 and 0.5% exhibit similar behaviour than those doped 
with Ca and Cu and non-doped samples [10, 25]. The pen-
etration of the magnetic flux into the planar defects occurs 
for applied magnetic fields higher than 30 Oe at 77 K, but 
the crystallites are penetrated at 80 Oe approximately.

We also have revealed some features of the V(t) curves 
for different maximum applied magnetic fields which char-
acterize the penetration of the magnetic flux within the crys-
tallites and consequently the emergence of the Abrikosov 
vortices throughout the material. It allows determining the 
limit between the penetration of the magnetic flux into the 
planar defects and its penetration into the crystallites. These 
results can be used as a new method to determine the lower 
critical field of both, planar defects and crystallites.

The differences observed between the B03 and B05 sam-
ples regarding the magnetic and transport measurements 
have their fingerprint also in V(t) curves. The B03 sample 
with higher critical current density and more pronounced 
magnetic flux trapping also shows a larger time interval to 
reach the equilibrium voltage for applied magnetic field 
lower than the lower critical field of the crystallites. Moreo-
ver, the voltage drop rate when Ham = 80 Oe is appreci-
ably higher for the B05 sample, which reflects its lower 
vortex-pinning.
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