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Abstract This study discusses the effect of Mn addi-
tion on the superconducting and physical properties in
Bi1.8Pb0.4Sr2MnxCa2.2Cu3.0Oy bulk superconductors with
x = 0,0.03,0.06,0.15,0.3, and 0.6 by means of the magne-
toresistivity measurements. The magnetoresistivity of the
samples prepared using the standard solid-state reaction
method was measured for different values of the applied
magnetic field strengths. The superconducting and physical
properties of the samples such as the zero resistivity tran-
sition temperatures (Tc), irreversibility fields (μ0Hirr), and
upper critical fields (μ0Hc2) were deduced from the mag-
netoresistivity curves. Moreover, thermally activated flux
creep model was studied for activation energy (U0) values of
the samples. According to the results of the measurements,
not only were the Tc and U0 values of the samples found
to decrease significantly but the μ0Hirr and μ0Hc2 values
were also observed to reduce with the increase in the Mn
addition, indicating that the doping degrades the physical
and superconducting properties of the samples.
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1 Introduction

During the discovery of high-temperature superconduc-
tor (HTSC) materials, scientists have endeavored to im-
prove their superconducting, physical, mechanical, struc-
tural, and flux pinning properties to make them suitable
for high temperature and magnetic field applications [1–3].
Bi-based (BSCCO) superconductors of the general formula
Bi2Sr2Can−1CunOy (n = 1,2, and 3) discovered in 1988
[4, 5] are the most promising materials for potential tech-
nological and industrial applications [6–12] due to the their
remarkable smaller power losses, high current, and mag-
netic field carrying capacity, optical, and electronic prop-
erties [13–15]. The BSCCO system composed of a layered
structure has three different phases with respect to its chem-
ical compositions [16]. Among the phases, the Bi-2223 is
the most attractive phase owing to the highest critical tem-
perature (Tc) of about 110 K [17, 18]. On the other hand, its
applications in high magnetic fields and temperatures are re-
stricted because of the strong anisotropic property, very low
charge carrier density, extremely short coherence length (ξ)

and large penetration depth (λ), causing to unusually rapid
flux creep which results in energy dissipation and subse-
quent transition of superconductor to the normal state [19].
Thus, the flux pinning mechanism investigated by Anderson
[20], Kim [21], and Beasley et al. [22] in the superconduct-
ing state is a very useful tool for introduction of effective
pinning centers such as planar defects, stacking faults, and
microdefects, leading to thermally activated jumps„ or hop-
ping of flux lines, or flux bundles over an energy barrier
[23, 24]. Over the pinning energy barrier of a structure, the
flux line can be thermally activated although the Lorentz
force exerted on the flux bundle by the current is smaller
than the pinning force. A model, described as thermally acti-
vated flux creep, works well in the resistivity region near Tc
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(ρ = 0) [25–28]. Furthermore, the width of the supercon-
ducting transition depends strongly on the anisotropy related
to the orientation of the applied magnetic field with regard to
the Cu–O planes in the structure [29–31]. Flux pinning abil-
ity can also be predicted from the flux pinning force density
and activation energy values owing to the fact that the ac-
tivation energy (mentioned as the potential barrier height)
is generally regarded as a measure of flux pinning strength
of a superconductor material [32–34]. The activation energy
is determined from the thermally assisted flux creep theory
described by Arrhenius equation ρ = ρ0 exp(−U0/kBT ),
which will be explained in detail in results and discussion
part.

In the present work, we investigated the effect of Mn dop-
ing on the superconducting and physical properties of the
Bi-2223 ceramics by the magnetoresistivity measurements.
The thermally activated flux creep model was adapted to
fit the magnetoresistance curve under various applied mag-
netic field strengths in a range from 0 to 7 T. The super-
conducting transition temperatures, activation energies, ir-
reversibility fields, and upper critical fields of the samples
studied were determined with the aid of the model. Accord-
ing to the results, the superconducting and physical prop-
erties of the Bi-2223 superconductors were obtained to de-
pend strongly on the Mn addition, representing the presence
of magnetic ions. This phenomenon can be understood in
terms of the pair-breaking mechanism [35], revealing the
degradation of superconductivity and the exponential mag-
netic field dependence in the samples [36]. Moreover, the
pair-breaking effect of nonmagnetic impurities is negligible
in ordinary s-wave superconductors like BSCCO supercon-
ductors, whereas it can be large as in the case of magnetic
impurities in usual s-wave superconductors. Thus, the ad-
dition or substitution of native ions by foreign ions in the
BSCCO system results in a transition from a phase to an-
other phase such as the superconductivity phase to semicon-
ducting phase as a result of the pair-breaking mechanism.

2 Experimental Details

In this study, the superconducting and physical properties of
Mn doped samples with nominal composition Bi1.8Pb0.4Sr2

MnxCa2.2Cu3.0Oy (x = 0,0.03,0.06,0.15,0.3, and 0.6)
were investigated via the magnetoresistivity measurements.
The samples produced in [37] were used for the aim of this
work. The sample preparation procedure with the resistivity
(ρ–T ), transport critical current density (Jc), X-ray diffrac-
tion analysis (XRD), scanning electron microscopy (SEM),
and electron dispersive X-ray (EDX) measurement results
was given in detail elsewhere [37]. All the measurements
were carried out using the zero field cooling (ZFC) pro-
cedure. The electrical resistivity versus temperature mea-
surements were performed at various applied dc magnetic

fields (0, 0.5, 1, 2, 4, and 7 T) at constant driving current of
5 mA. The magnetic fields generated from the superconduct-
ing coil magnet from CRYO Industries were applied normal
to the direction of the driving current. Measurements were
automated using GPIB interfaced by a personal computer.
The measurement results obtained were recorded via the
Labview computer software. The superconducting transition
temperatures (Tc) of the samples prepared in this work were
estimated from the magnetoresistivity measurements. Fur-
thermore, activation energy values of the samples were de-
termined by means of the line pinning model that calculates
the energy by making linear fits to the low resistivity part of
the transition [38–40]. Additionally, the irreversibility field
(μ0Hirr) and upper critical field (μ0Hc2) were deduced from
the resistivity versus the applied magnetic field curves. At a
constant applied magnetic field, the temperature-dependent
resistance is R(μ0Hirr, T ) = 0.1Rn for the μ0Hirr(T ) field
and R(μ0Hc2, T ) = 0.9Rn for the μ0Hc2(T ) field, respec-
tively. Here, Rn presents the normal state resistance of the
samples at 130 K [41–45]. The samples will be herein after
denoted as Mn0, Mn1, Mn2, Mn3, Mn4, and Mn5, respec-
tively.

3 Results and Discussion

3.1 Magnetoresistivity Measurements

The temperature dependence of the resistivity in an exter-
nal magnetic field ranging from 0 to 7 T for the Mn free
and the Mn doped (Bi, Pb)-2223 samples prepared by the
conventional solid-state reaction method was measured in
the temperature range 50–130 K and the results obtained are
depicted in Fig. 1. The electrical resistivity measurements
were previously discussed in detail in [37]. Zero resistivity
transition temperatures (R = 0 �) determined from Fig. 1
are given in Table 1. It is apparent from the table that the
T of the samples studied gradually decreases from 109 K to
85 K at zero magnetic field (μ0H = 0) as the Mn addition
increases. The considerable decrement in the Tc value of the
Mn5 sample is observed due to the decrease in the number
of charge carriers in the sample [46].

Moreover, the variation of the transition temperatures de-
termined under the applied magnetic field up to 7 T can be
observed from Fig. 1. The transition temperatures obtained
are listed in Table 1. It is visible from the table that the
Tc value drastically decreases from 109 K to 66 K for the
pure and 85 K to 36 K for the Mn5 sample with the in-
crease of the applied magnetic field. The decrement in the
Tc was found to be about 43 K and 49 K for the Mn0 and
Mn5 sample, respectively. Based on these results, the zero
resistivity transition temperature of the samples was noted
to reduce dramatically with increasing both the Mn addition
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Fig. 1 ρ–T graphs of the samples at various magnetic field (0–7 T)

and applied magnetic field. It is well known that in all high-
Tc ceramic superconductors, the CuO2 planes containing the
magnetic Cu2+ ions are the charge of superconductivity of
the materials. Addition or substitution studies of 3d transi-
tion metal ions in the BSCCO system might lead to the sharp
depression in critical temperature of the sample due to the
replacement of Cu2+ ions by the foreign metal ions and so
the Cu–O bond length is expanded in accordance with the

increase of the lattice parameter a and decrease in the cell
parameter c, causing to the suppression in the critical tem-
perature of the samples. In this study, the Mn4+ ions pene-
trating into the Bi-2223 system degrade the pinning abilities
and superconducting properties of the samples because of
the pair breaking mechanism.

As well known from the literature, the onset critical tem-
perature (T onset

c ) value is associated with the transition of
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Table 1 Zero resistivity transition temperature (K) results of the sam-
ples under various applied magnetic fields

Samples T onset
c

(K)
T

offset
c (K)

0 T 0.5 T 1 T 2 T 4 T 7 T

Mn0 118 109 88 85 78 72 66

Mn1 117 106 78 74 68 63 61

Mn2 115 103 75 72 65 62 58

Mn3 114 100 70 66 59 57 54

Mn4 113 98 67 63 57 56 52

Mn5 111 85 54 51 45 40 36

isolated grains to the superconducting state while the offset
critical temperature (T offset

c ) is related to the volume frac-
tion of Bi-2223 phase and/or features of intergranular com-
ponent [47]. Hence, the applied magnetic field mostly af-
fects the intergranular coupling of the cuprate superconduc-
tor materials and T onset

c of a sample does not change signif-

icantly whereas T
offset
c decreases dramatically with the ap-

plied magnetic field due to the motion of fluxons [48, 49].
In this work, the broadening tail part of the resistivity curves
was found to expand to lower temperature as the applied
field increased, leading to the increase in the variation of
�TC(T onset

c −T
offset
c ) value. As expected at 7 T applied mag-

netic filed, the minimum �Tc is observed to be about 52 K
for the Mn0 whereas the maximum one is obtained to be
about 75 K for the Mn5 sample (Table 1). According to the
results, the Tc value of the samples prepared in this work was
noticed to decrease considerably with the increase of both
the Mn addition and applied magnetic field, associated with
the decrease in the pinning force [50, 51]. In other words,
the decreasing trend in pinning force of the samples with
increasing Mn addition can be explained by the presence
of impurities and weak links between the superconducting
grains [3, 52].

3.2 Irreversibility and Upper Critical Field

The broadening of the resistivity transition under various
applied magnetic fields was measured for determination of
the irreversibility fields (μ0Hirr) and upper critical fields
(μ0Hc2) of the samples at different temperature values. Ta-
bles 2 and 3 display the temperature dependence of μ0Hirr

and μ0Hc2 values obtained for all the samples. As seen from
the tables, the μ0Hirr and μ0Hc2 curves not only shift to-
ward lower temperatures with the increase in the Mn ad-
dition but also enhance with the decrease of the tempera-
ture, confirming that the pinning ability of the Mn0 sample
is stronger than that of others.

Table 2 Irreversibility field values of the samples

Samples μ0Hirr(T )

0 T 0.5 T 1 T 2 T 4 T 7 T

Mn0 110.878 92.023 88.412 82.19 74.371 69.357

Mn1 107.033 86.565 80.951 75.535 69.919 65.506

Mn2 105.094 83.64 78.823 73.408 67.39 63.178

Mn3 103.356 76.477 72.466 66.448 61.835 56.425

Mn4 98.37 69.895 66.707 59.937 52.716 47.978

Mn5 88.817 59.933 57.677 54.066 48.778 43.071

Table 3 Upper critical field values of the samples

Samples μ0Hc2(T )

0 T 0.5 T 1 T 2 T 4 T 7 T

Mn0 113.251 112.347 112.038 111.83 111.414 111.025

Mn1 111.045 110.486 109.632 109.021 108.504 108.258

Mn2 109.641 108.834 108.027 107.115 106.199 105.482

Mn3 107.772 106.764 105.757 104.945 103.128 101.914

Mn4 105.21 103.323 102.361 100.648 99.281 97.256

Mn5 100.876 98.617 96.906 94.344 92.283 90.800

Fig. 2 The linear fit of the lnρ/ρ0 versus 1/T graph for the Mn0
sample without any magnetic field (the lines are guides for the eye)

3.3 Activation Energy

Activation energy (U0) plays an important role as the po-
tential energy barrier to keep the magnetic flux in pinning
center and the magnetoresistivity curves are also useful tool
to determine the magnetic field dependence of the effective
activation energy. Moreover, when the pinning force is suffi-
ciently strong, vortex motion can be appeared small enough
in the structure so that the superconductor acts as a perfect
conductor. On the other hand, when the structure is exposed
to strong currents, there will always be thermally activated
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Fig. 3 lnρ/ρ0 versus 1/T graphs of the samples. The activation energies of the samples are determined from the slopes of the linear parts of the
low resistivity region

flux creep where vortices hop from one pinning site to an
adjacent pinning site, and in some cases, we can measure
the rate resulted from transition of the vortices [53–56]. In
other words, thermally assisted flux creep is an essential dis-
sipation mechanism resulting in a long resistive tail [57, 58]
for the temperatures below the superconducting transition
temperature. Thus, in this study the transport measurements

were conducted instead of magnetic measurements to find
more accurate activation energy values. The activation en-
ergies of the samples were deduced from the line pinning
model by making linear fits to the low resistivity part of the
transition. Namely, the variation of logarithmic resistivity as
a function of the reciprocal of temperature for the samples at
different applied magnetic fields is plotted and the activation
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Fig. 4 Change of the activation energy values of the samples with the
applied magnetic field up to 7 T

energies are estimated from the slope of the linear part of
the low resistivity region. Figure 2 shows that how we fit the
lnρ/ρ0 versus 1/T plot named as Arrhenius graph [59, 60].
As seen from the figure, the lines are guides for the eye and
the slope of the straight line of the low resistivity region is
assigned as the activation energy value. The Arrhenius plots
of the magnetoresistivity data are given in Fig. 3. The results
obtained from the semi logarithmic Arrhenius plots of Fig. 3
illustrate an exponential dependence of ρ with 1/T , indi-
cating that the energy dissipation (the resistivity) is due to
the thermal activation of flux across the pinning barrier. The
current-independent resistivity can be described by Arrhe-
nius law [61–67], ρ = ρ0 exp(−U0/kBT ), where U0 is the
activation energy, kB is the universal Boltzmann’s constant
and ρ0 is a field-independent preexponential factor. For all
the samples, the activation energies determined are shown in
Fig. 4. It is visible from the figure that the activation energy
values decrease drastically with the increase in both the Mn
doping and applied magnetic field to a minimum (276 K)
for the Mn5 sample as against 11350 K for the pure sam-
ple (Table 4) due to the decrement of the energy barriers
in the samples. Additionally, all the samples produced have
the same characteristic curve (Fig. 4) which decreases dra-
matically up to 1 T and then reduces slightly because of the
fact that the applied magnetic field penetrates only the inter-
granular media below 1 T. Moreover, the samples prepared
obtain different energy values at the same applied magnetic
filed, pointing out the existence of various superconducting
levels within the samples at the intergranular region [68–
70]. According to these results, the Mn addition and applied
field dependence of the activation energy may be consistent
with the porosity, grain misorientations, and weak grain con-
nectivity between the clusters in the samples, in agreement
with the findings of [37]. This is probably the reason for de-
creases appearing in the flux pinning energy with increasing
Mn addition.

Fig. 5 Applied magnetic field dependence of activation energy (U0)

for the samples (the lines are guides for the eye)

Table 4 Activation energy and β values of the samples

Samples Activation energies (K) β values

0 T 0.5 T 1 T 2 T 4 T 7 T

Mn0 11350 5461 3497 2378 1676 1230 0.606

Mn1 8445 4107 2079 1520 1137 907 0.575

Mn2 6856 2979 1461 1069 828 693 0.551

Mn3 5214 2141 1130 853 665 553 0.526

Mn4 3740 1444 800 601 471 381 0.505

Mn5 2355 865 559 440 331 276 0.447

Moreover, we investigate the field dependence of the acti-
vation energy of the samples with the aid of the log–log plot
of activation energy versus applied magnetic field (Fig. 5).
The relation was noticed to be linear as seen in the figure
and the field dependence of the activation energy can also
be described by a power law as

U(H)αH−β. (1)

When the data obtained from the measurements are fitted
to (1), the β values are found to change in a range of 0.447–
0.606 (Table 4). The minimum β value was found to be
about 0.447 for the Mn5 sample whereas the maximum
value was observed to be about 0.606 for the pure sample,
confirming that the activation energy is related to the plastic
deformation of flux line lattice at dislocations, similar to the
thermally activated motion of edge dislocations in crystals
[71, 72]. In the literature, for the BSCCO-2212 system [73]
and the BSCCO-2223 system [74, 75], the field dependence
of the activation energy is obtained to be about 0.5.

4 Conclusion

This study aims to analyze the role of Mn addition on the
superconducting and physical properties of (Bi,Pb)-2223 su-
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perconductors with the aid of the magnetoresistivity mea-
surements. The zero resistivity transition temperatures, acti-
vation energies, irreversibility fields, and upper critical fields
were determined from the R–T curves under dc magnetic
fields up to 7 T. It was found that the Tc and U0 values of the
samples were predominately dependent upon the Mn addi-
tion. The minimum Tc of 40 K and U0 of 276 K at 7 T ap-
plied magnetic field were obtained for Mn5 sample. Based
on these results, the pinning abilities, the superconducting,
and physical properties of the Bi-2223 superconductor ce-
ramics produced in this work were found to decrease with
the increase of the Mn addition due to the pair-breaking
mechanism.
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