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Abstract This study aims to investigate the effect of mag-
netic field direction on superconducting properties of Bi-
2212 thin film fabricated on MgO (100) substrate using the
direct current (DC) magnetron reactive sputtering technique
at 100 watt with the aid of magnetoresistivity measure-
ments. The zero resistivity transition temperatures (Tc), ir-
reversibility fields (μ0Hirr) and upper critical fields (μ0Hc2)
are deduced from the magnetoresistivity versus temperature
curves under DC magnetic fields (parallel and perpendicular
to c-axis) up to 5 T. Moreover, thermally activated flux flow
(TAFF) model is studied for activation energy (U0) values
of the sample. It is found that the Tc value decreases from
76.4 K to 39.1 K for the applied magnetic field perpendicu-
lar to c-axis (μ0H⊥c-axis); likewise, the Tc reduces towards
28.8 K with the increase in the applied field parallel to c-axis
(μ0H ‖ c-axis). Furthermore, the U0 values are found to de-
crease considerably with increasing applied magnetic field.
In fact, the U0 of 134.5 K is obtained to be smallest at 5 T
field parallel to the c-axis. Additionally, both the μ0Hirr and
μ0Hc2 values determined are also observed to reduce with
the increase of the applied magnetic field. At absolute zero
temperature (T = 0 K), the extrapolation of the μ0Hirr(T )

and μ0Hc2(T ) curves is used to obtain the μ0Hirr(0) and
μ0Hc2(0) values of the film, respectively. The inner is found
to be about 22.216 T (19.046 T) for the applied field per-
pendicular (parallel) to c-axis whereas the latter is deter-
mined to be about 54.095 T (126.522 T) for the applied field
parallel (perpendicular) to c-axis, respectively, as a result
of anisotropic behavior of the film prepared. On the other
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hand, penetration depths (λ) and coherence lengths (ξ ) in-
ferred from μ0Hirr(0) and μ0Hc2(0) values are obtained to
be about 38.519 Å (41.601 Å) and 16.147 Å (24.685 Å) in
the case of applied field perpendicular (parallel) to c-axis,
respectively. Based on all the results, the change of the su-
perconducting properties as a function of the magnetic field
direction presents the anisotropy of the sample produced.
X-ray diffraction (XRD) and scanning electron microscopy
(SEM) examinations are also conducted for microstructural
and phase analyses of the film.

Keywords Bi-2212 thin film · Magnetoresistivity · TAFF
model · Activation energy · Irreversibility field · Upper
critical field

1 Introduction

As well known, the applications of the superconductor ma-
terials in high magnetic fields and temperatures are trouble
for researchers during the discovery of the superconductiv-
ity. Therefore, the researchers have attempted to improve
the superconducting, mechanical, structural and flux pin-
ning properties of the superconductors to make them suit-
able for high temperature and magnetic field applications
[1–4]. The Bi–Sr–Ca–Cu–O (BSSCO) materials, one of
the cuprate high-temperature superconductor families, have
widely been investigated because of their higher critical
temperature, remarkable smaller power losses, higher cur-
rent and magnetic field carrying capacity, optical and elec-
tronic properties [5–13]. Moreover, in the literature there
have been several reports relating to BSCCO films for high
frequency applications including filters, antennas and mag-
netic shield devices [14–17]. This family has three differ-
ent phases with regard to chemical compositions: the Bi-
2201 phase with Tc of ≈ 20 K, Bi-2212 phase with Tc of
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≈ 85 K and Bi-2223 phase with Tc of ≈ 110 K [18]. In these
phases, Bi-2212 consisting of the double layered cuprate ob-
tains more advantageous than the others in terms of the rel-
atively invariant of the oxygen stoichiometry with respec-
tive to cationic doping, lesser weak link problems and better
thermodynamic stability [19, 20]. On the other hand, the Bi-
2212 thin films have the strong anisotropic property, very
low charge carrier density, extremely short coherence length
(ξ ) and large penetration depth (λ), causing to limitation of
its applications in high magnetic fields and temperatures. If
the Bi-2212 film is exposed to high magnetic fields and tem-
peratures, unusually rapid flux flow starts to appear in the
sample, resulting in the energy dissipation and subsequent
transition of superconductor to the normal state [21]. In or-
der to overcome these problems appeared, the flux pinning
mechanism in the film should be investigated in detail. In the
recent works [12–24], the researchers have extensively an-
alyzed the flux pinning mechanism in the superconducting
state to introduce the effective pinning centers such as pla-
nar defects, stacking faults, and microdefects, resulting in
thermally activated jumps; or hopping of flux lines; or flux
bundles over an energy barrier [25, 26]. Over the pinning en-
ergy barrier of a structure, the flux line might be thermally
activated although the Lorentz force exerted on the flux bun-
dle by the current is smaller than the pinning force [27–30].
A model, described as thermally activated flux flow (TAFF),
works well in the resistivity region near Tc as a result of
the zero resistivity (ρ = 0) [31–34]. Additionally, the width
of the superconducting transition depends strongly on the
anisotropy associated with the magnetic field direction with
regard to the Cu–O planes (the c-axis) in the structure [35–
39]. Flux pinning ability can also be estimated from the flux
pinning force density and activation energy values because,
as well known, the activation energy (mentioned as the po-
tential barrier height) is generally regarded as a measure
of flux pinning strength of a superconductor material [40,
41]. The activation energy is inferred from TAFF theory de-
scribed with Arrhenius equation [ρ = ρ0 exp(−U0/kBT )],
which will be dealt with in detail in results and discussion
part.

In this study, the role of magnetic field direction on the
superconducting of the Bi-2212 thin film produced on MgO
(100) substrate by means of the direct current sputtering
technique at 100 watt is analyzed by the magnetoresistiv-
ity measurements. It is found that the critical transition tem-
perature decreases with the increase in the applied mag-
netic field and the change of the applied field direction with
regard to the c-axis. Additionally, thermally activated flux
flow (TAFF) model is modified to fit the magnetoresistivity
curves at different applied field strengths up to 5 T. The ac-
tivation energy, irreversibility field and upper critical field
values of the film are determined by the TAFF model. Based
on the results, the superconducting properties of the Bi-2212

film are found to be strongly dependent on the magnetic field
direction, confirming the presence of anisotropy in the film.

2 Experimental Details

Superconducting Bi-2212 thin film are produced by means
of the DC magnetron reactive sputtering method at 100 watt.
Target with the nominal stoichiometry of Bi1.6Pb0.5Sr2-
Ca1.1Cu2.1Oy are elaborated in air by a solid-state syn-
thesis [42, 43] using high purity chemicals Bi2O3, PbO,
SrCO3, CaCO3 and CuO powders (Alfa Aesar Co., Ltd.
99.99%). The accurately weighed ingredients are homoge-
neously mixed in a grinding machine for 12 hours and cal-
cined at 800 °C for 12 hours in a tube furnace (Protherm-
Model PTF12/75/200) at 5 °C per minute heating rate. The
resultant powder is reground to improve the homogeneity
of the target and pelletized into cylindrical bar of 25 mm ×
25 mm×5 mm at 260 MPa compaction pressure. The target
prepared is exposed to the calcination process at 830 °C for
12 h in the tube furnace and cooled down to room temper-
ature in air atmosphere. Both the heating and cooling rates
of the furnace are adjusted to be 5 °C/min. Prior to coat-
ing, the MgO (100) single crystal substrate with dimensions
of 10 × 10 × 5 mm3 is ultrasonically cleaned by acetone
and rinsed thoroughly with deionized water and then dried
by way of nitrogenous gas. Thus, both the target and crys-
tal substrate are placed in the sputtering chamber. After the
distance between the target and substrate is adjusted to be
about 40 mm, the chamber is evacuated with the aid of rotary
and turbo pump down to 4.75 × 10−6 bars, then 100 W DC
power is applied between the target and plate. A film is de-
posited on the MgO substrate at 70 °C for 3 hours. The sin-
tering process of the film deposited is carried out at 840 °C
for 6 hours.

The electrical resistivity measurements from 20 until
100 K are conducted by means of conventional four-probe
method. The current and potential leads of high-grade cop-
per wires are connected to the samples with silver paint for
minimization of the contact resistance, obtained by anneal-
ing silver paste at 200 °C for 6 h on the surface of the sam-
ples. A Keithley 220 programmable current source and a
Keithley 2182A nano-voltmeter are used for the resistivity
measurements. Furthermore, the resistivity versus tempera-
ture measurements are performed at various magnetic fields
such as 0, 0.5, 1, 3 and 5 T (parallel and perpendicular to
c-axis) by means of a He gas contact cryocooler and super-
conducting coil magnet from CRYO Industries at constant
driving current of 1 mA.

These measurements are automated using GPIB inter-
faced with a PC. All the data obtained are recorded via
Labview computer software. The superconducting critical
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temperature (Tc) values of the film prepared are also de-
termined from the magnetoresistivity measurements. Ad-
ditionally, the irreversibility field (μ0Hirr) and upper criti-
cal field (μ0Hc2) are estimated from the resistivity versus
the applied magnetic field curves. As received at various
magnetic fields the μ0Hirr(T ) and μ0Hc2(T ) are defined
as the fields where the temperature-dependent resistance
is R(μ0Hirr, T ) = 0.1Rn and R(μ0Hc2, T ) = 0.9Rn (nor-
mal state resistance), respectively [44–48]. The intercepts
of extrapolation of μ0Hirr(T ) and μ0Hc2(T ) to zero on
the temperature axis are taken as the direct μ0Hirr(0) and
μ0Hc2(0), respectively [49]. Coherence length (ξ ) and pen-
etration depth (λ) values at the absolute zero temperature
are obtained from the upper critical magnetic field and ir-
reversibility field values, respectively. Moreover, activation
energy values of the film are calculated using line pinning
model and making linear fits to the low resistivity part of the
transition [50–53].

Structural and phase analysis of the film prepared in this
work are determined by X-ray diffractometer (XRD) anal-
ysis at room temperature (Rigaku multiflex diffractometer),
using CuKα radiation with wavelength of 0.15418 nm and
incident angles in the range of 2θ between 3° and 60° at
a scan speed of 3°/min and a step increment of 0.02°. The
X-ray tube voltage and the current were 36 kV and 26 mA,
respectively.

The microstructure of freshly fractured surface of the
samples is investigated by a Jeol scanning electron mi-
croscope (JEOL 6390-LV) with an accelerating voltage of
20 kV in the secondary electron image mode.

3 Results and Discussion

3.1 Magnetoresistivity Measurements

The variation of the normalized resistivity versus tempera-
ture at different applied magnetic fields (0, 0.5, 1, 3, and 5 T)
for the (Bi, Pb)-2212 films produced on MgO (100) sub-
strate using the DC magnetron reactive sputtering technique
at 100 watt is studied in the temperature range 20–100 K
and the results observed are given in Fig. 1. It is visible from
the figure that the superconducting film exhibits metallic be-
havior above critical transition temperature and the Tc value
systematically reduces with the increase of the applied mag-
netic field (Table 1).Whereas Tc of the sample is observed to
decrease from 76.4 K to 39.1 K under 5 T field applied per-
pendicular to c-axis (μ0H⊥c-axis), the Tc is noticed to re-
duce towards 28.8 K at 5 T field parallel to c-axis (μ0H ‖ c-
axis), indicating the anisotropic character of the Bi-2212
film prepared in this work. Similar results were reported
in the literature [54, 55]. Figure 1 also illustrates that the
magnetic field mostly affects the intergranular coupling of

Fig. 1 Normalized magnetoresistivity (ρ–T ) plots of the sample in
applied magnetic fields (a) perpendicular and (b) parallel to c-axis up
to 5 T

Table 1 Critical transition temperature (K) and activation energy (K)
values of the sample under various applied field direction

Magnetic
field

Tc (K) U(H) (K)

μ0H⊥c μ0H ‖ c μ0H⊥c μ0H ‖ c

0 T 76.4 76.4 3906.4 3906.4

0.5 T 50.2 42.9 839.5 453.8

1 T 46.6 36.0 579.3 345.1

3 T 44.3 32.5 347.9 198.7

5 T 39.1 28.8 269.2 164.5

the sample produced. In other words, the onset critical tem-
perature (T onset

c ) of the sample do not change significantly
while the offset critical temperature (Tc) decrease dramat-
ically with the applied magnetic field because of the flux-
ons motion [56]. Hence, the variation of �TC(T onset

c − Tc)

is found to enhance with the increase of the applied mag-
netic field (especially parallel to c-axis) affecting drastically
on the broadening of the resistive transition of the film. The
maximum �Tc is observed to be about 49.1 K and 59.4 K
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at 5 T applied field perpendicular and parallel to c-axis, re-
spectively (Table 1), related to the increase of the flux pin-
ning force in the sample [27, 28, 57]. In other words, the
pinning ability of the sample in parallel field to the c-axis is
found to be weaker than that in perpendicular to the c-axis.

3.2 Irreversibility and Upper Critical Field

The variation of the temperature as a function of the irre-
versibility field (μ0Hirr) and upper critical field (μ0Hc2) de-
termined for the sample is shown in Fig. 2. It is apparent
from the figure that the μ0Hirr and μ0Hc2 curves of the
sample not only increase with the decrease in the temper-
ature but shift to lower temperatures as the applied magnetic
field increases. The extrapolation of the curves at absolute
zero temperature (T = 0 K) is used for the determination
of the μ0Hirr(0) and μ0Hc2(0) values of the sample stud-
ied [58] so that we can easily calculate and discuss the co-
herence length (ξ ) and penetration depth (λ) values which
are from important parameters for superconductivity. The
μ0Hirr(0) and μ0Hc2(0) values obtained are listed in Ta-
ble 2. As seen from the table, the μ0Hirr(0) is observed to be
about 22.216 T and 19.046 T at the applied field perpendic-
ular and parallel to c-axis, respectively. The similar change
is obtained for the μ0Hc2(0) value. Namely, the μ0Hc2(0) is
found to be about 126.522 T and 54.095 T under the applied
field perpendicular and parallel to c-axis, respectively (Ta-
ble 2), confirming the decrease in the pinning ability because

Fig. 2 Temperature dependences of the irreversibility field (μ0Hirr)
and upper critical field (μ0Hc2) at several constant magnetic fields ap-
plied parallel and perpendicular to c-axis up to 5 T

of the anisotropic behavior of the Bi-2212 film produced. As
for the coherence length and penetration depth values, it is
well known the directly determination of these parameters
is difficult task. However, the ξ and λ values at the absolute
zero temperature can be calculated from the upper critical
magnetic field and irreversibility field, respectively. The co-
herence length ξ(0) and penetration depth λ(0) at T = 0 K
are defined as,

ξ(T ) =
[

φ0

2πμ0Hc2(T )

] 1
2

and

λ(T ) =
[

φ0

2πμ0Hirr(T )

] 1
2

(1)

where φ0 = 2.07 × 10−15 Tm2. The ξ(0) and λ(0) values
calculated from (1) are tabulated in Table 2. As seen from
the table, the penetration depth value is obtained to be about
38.519 Å and 41.601 Å whereas the coherence length value
is calculated to be about 16.147 Å and 24.685 Å under the
applied field perpendicular and parallel to c-axis, respec-
tively.

3.3 Activation Energy

Activation energy (U0), playing an important role as the po-
tential energy barrier to keep the magnetic flux in pinning
center, is determined from the magnetoresistivity curves
[39]. In a superconductor, when the pinning force is strong
sufficiently, vortex motion can be appeared small enough in
the material so that the superconductor acts as a perfect con-
ductor. However, whenever the superconductor is subjected
to the strong currents, there will always be thermally acti-
vated flux flow (TAFF) where vortices hop from one pinning
site to an adjacent pinning site, and in some cases, the rate
stemmed from transition of the vortices can be measured
[59–61]. Moreover, TAFF is an essential dissipation mech-
anism causing to a long resistive tail for the temperatures
below the superconducting transition temperature [62, 63].
Hence, the magnetoresistivity measurements give the reli-
able results for the activation energy values. In this study,
the activation energies of the film are inferred 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 film at various applied magnetic fields such as 0, 0.5, 1,
3 and 5 T is plotted and the activation energies are estimated

Table 2 Irreversibility field, upper critical field, coherence length and penetration depth values of the sample at absolute zero temperature (T = 0)

μ0H⊥c μ0H ‖ c

μ0Hc2(0) μ0Hirr(0) λ(0) ξ(0) μ0Hc2(0) μ0Hirr(0) λ(0) ξ(0)

126.522 22.216 38.5188 16.1471 54.095 19.046 41.601 24.685
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Fig. 3 The linear fit of the lnρ/ρ0 versus 1/T graph for the sample
without any magnetic field (the lines are guides for the eye)

from the slope of the linear part of the low resistivity region.
Figure 3 shows that how we fit the lnρ/ρ0 versus 1/T plot
named as Arrhenius graph [64, 65]. 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 magnetoresistiv-
ity data are depicted in Fig. 4. It is demonstrated from the
figure 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, [66–69] ρ = ρ0 exp(−U0/kBT ), where U0 is the
activation energy, kB is the universal Boltzmann’s constant
and ρ0 is a field-independent pre-exponential factor. For the
sample, the activation energies calculated (in Kelvin unit)
are given in Table 1. As seen from the table, the activation
energy values decrease dramatically with the increase of the
applied magnetic field to a minimum due to the decrement of
the energy barriers in the sample produced in this work. The
minimum U0 value is found to be about 357.2 K (134.5 K)
at the field applied perpendicular (parallel) to c-axis, asso-
ciated with anisotropic behavior of the film. Furthermore,
Table 1 indicates an important point that the activation en-
ergy values for both field directions reduce drastically up to
0.5 T and then decrease slightly because of the fact that the
applied magnetic field penetrates only the intergranular me-
dia below that value.

Additionally, the field dependence of the activation en-
ergy of the samples is analyzed by means of the log–log plot
of activation energy versus applied magnetic field (Fig. 5).
The relation obtained from the figure is observed to be linear
and the field dependence of the activation energy can also be
described by a power law as

U(H) ∝ H−β (2)

When the data obtained from the measurements are fitted
to (2), the β values are found to be about 0.489 and 0.452

Fig. 4 lnρ/ρ0 versus 1/T graphs of the sample (a) the field applied
perpendicular to c-axis (μ0H⊥c-axis) and (b) the field applied parallel
to c-axis (μ0H ‖ c-axis). The activation energies of the sample are
determined from the slopes of the linear parts of the low resistivity
region

Fig. 5 Applied magnetic field dependence of activation energy U0 for
the film (the lines are guides for the eye)
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Fig. 6 XRD patterns of the sample

Fig. 7 SEM micrographs of the film produced

for the field applied perpendicular and parallel to c-axis, re-
spectively. For β = 0.5, the activation energy is related to the
plastic deformation of flux line lattice at dislocations, simi-
lar to the thermally activated motion of edge dislocations in
crystals [70, 71]. In the recent works, the β was also found
to be about 0.5 for the Bi-2212 and Bi-2223 phase [72, 73].

3.4 Microstructural and Phase Analyses

For phase and microstructural analyses of the film fabricated
in this work, X-ray diffraction (XRD) and scanning electron
microscopy (SEM) measurements are performed. Figure 6
indicates the XRD patterns between 3◦ and 60◦ for the sam-
ple. In the diagram, the corresponding (hkl) Miller indices
result from Bi-2212 phase. The figure shows that the sample
only exhibits the polycrystalline superconducting Bi-2212
phase. Moreover, (00l) peaks are dominant features for the
film and the c-axes in the sample are oriented in the direction
normal to the substrate surface, leading to the anisotropic
character. Figure 7 illustrates the SEM image of the frac-
tured surface of the sample. One can see from the figure, the
sample has a fine crystalline homogeneous structure consist-
ing of the clear and flaky grains with layered growth [74].

The surface of the sample is also found to be uniform with
a well alignment of grains. Moreover, the grain boundaries
are likely to have weak links, related to the decrement in
the intergranular coupling, confirming that not only why the
superconducting properties of the sample studied decrease
with the increase in the applied magnetic field but why the
sample exhibits the anisotropic behavior, as well.

4 Conclusion

In this study, it is examined that how the magnetic field di-
rection affects the superconducting properties of Bi-2212
thin film produced by the direct current (DC) magnetron re-
active sputtering technique with the aid of magnetoresistiv-
ity measurements. The important physical properties of the
sample such as Tc, U0, μ0Hirr, μ0Hc2, λ and ξ values are in-
ferred from the ρ–T curves under DC magnetic fields (par-
allel and perpendicular to c-axis) up to 5 T. The results in-
dicate that these properties depend strongly on the magnetic
field direction. The minimum Tc value is found to be about
39.1 K and 28.8 K under 5 T field perpendicular and parallel
to c-axis, respectively. The similar trend is observed for ac-
tivation energy value determined using thermally activated
flux creep model. The minimum U0 value is obtained to be
about 357.2 K and 134.5 K at 5 T field applied perpendicular
and parallel to c-axis. Furthermore, the change of the irre-
versibility field, upper critical field, penetration depth and
coherence length values with regard to the magnetic field
direction shows the anisotropic nature of the Bi-2212 film
produced. As for the SEM investigation, the sample, the sur-
face of which is found to be uniform with a well alignment
of grains, obtains a fine crystalline homogeneous structure
containing the clear and flaky grains with layered growth.
Further, XRD results illustrate that in the Bi-2212 film pro-
duced, the (00l) peaks are dominant features and the c-axes
are oriented in the direction normal to the substrate surface,
leading to the anisotropic nature of the sample.
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