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Abstract The dependences of critical current density J. on
the interlayer coupling strength and magnetic field in
Bi2212 crystals were obtained by measuring the magnetic
loop of the crystals with different interlayer coupling
strengths. It was revealed that J. decreases with the decrease
in the interlayer coupling of the crystals. The relation of
Jeoc exp (FH") was also found in the crystals, and further
analysis indicated that it was the result of Zeldov pinning
potential model.
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1 Introduction

All high-temperature cuprate superconductors show a
layered structure with the CuO, plane acting as the
conductive channel between which the insulator or
semiconductor reservoir layer is inserted; thus, they all show
quasi-two-dimensional transport properties. In the structure,
the CuO, plane interacts with each other by means of
Josephson coupling and magnetic attraction of vortices, and
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this interlayer coupling plays important roles in determining
the critical current density of the materials and the vortex
structure of the superconductors [1,2]. The Bi-based
cuprates show the poorest interlayer coupling in all the
cuprate systems; thus, the investigation in Bi-based cuprates
can elucidate the relationship between the interlayer
coupling strength and the transport properties in
hightemperature superconductors, which may lead to
finding an effective method in developing the practical
properties of the materials. The Pb-and Pr-doped
Bi,Sr,CaCuOg,5(Bi2212)system can adjust the interlayer
coupling strength in a wide range, which is very suitable in
investigating the influence of interlayer coupling on the
practical properties of the Bi-based cuprates. In this paper,
the relationship between interlayer coupling and critical
current density was investigated in the Pb- and Pr-doped
Bi2212 crystals using magnetic measurement.

2 Experimental

Pb-and Pr-doped Bi2212 single crystals were grown using a
self-flux method with excess Bi,O; included to act as a flux.
Details for crystal growth have been described elsewhere [3].
The craved crystal sheets were annealed in air at 400°C for
50 h to improve homogeneity; the oxygen content increased
in the anneal as well. X-ray diffraction (XRD) indicated that
no extra peaks could be found from secondary phase in the
annealed crystals. The cation stoichiometry of the single
crystals was analyzed by energy dispersive X-ray (EDS)
analysis using a scanning electron microscope (Stereoscan
440, Leica). The thickness of the crystal sheets was
measured using a scanning electron microscope (Hatachi
X650). The magnetization measurements were carried out at
different temperatures using Maglab system (Oxford) in the
applied magnetic field up to 8 T with field direction parallel
to the c-axis of the crystal.

3 Experimental results and discussions

The magnetization at different temperatures of Bi; ; Pbg ¢
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Sr,CaCu,0Og: s ;BizsrzCaCuzOg+5;BiZSr2Cao,x3Pr0,17Cu208+(5,and
Bi,Sr,Cayg 7,Prj25Cu,0g:5crystals was mea-sured, respectively.
Their interlayer coupling strength was decreased orderly
based on the experimental results of the anisotropy factor in
Pb-and Pr-doped Bi2212 systems [4,5].The measured
magnetization can be transferred in tesla by using the
sample volume data. The magnetization loop at different
temperatures of the Bi,Sr,CaCu,Og.scrystal was shown in
Fig. 1.

The critical current density J. of the sample can be
expressed as
~200AM
T b(1=b/3a)

(M

C

1000 T T T T w T

600

MI(107T)

=500

_1000 1 1 1 1 1 1
MoH/T

Fig. 1 The magnetization loop of the Bi,Sr,CaCu,Og; crystal at different
temperatures

using Bean'’s critical model [6,7], here a and b are the length
and width of the sample in centimeters, respectively, and J,
is in kA/m>. AM =M*-M"; here, m* and - are the
magnetization of the sample in 10* T with increasing and
decreasing applied fields, respectively. Several J. data in the
low-field region were omitted due to the original
magnetization and the second peak effect. The magnetic
field dependence of the critical current density J. at different
temperatures in the Bi,Sr,CaCu,Ogs,scrystal is shown in Fig.
2. It was found that J. decreases monotonically with
increasing magnetic field at constant temperature. At low
temperatures, J. shows a plateau in the low-field region and
J. decreases rapidly with a further field increase. However,
the J. plateau is distinguished at high temperatures.
Meanwhile, J, decreases rapidly with an increase in
temperature when the field is constant. It was found that if
the low-field J, plateau is excluded, the field dependence of
Je could be fitted by

J.(H)=J,(0)exp(~BH) 2
where a and g are field-independent fitting parameters.The
fitting results were shown as solid lines in Fig. 2,which
accord well with the experimental results. For the
Bi,; 7Pbg 3¢Sr,CaCu,04,s and Bi,Sr,CaCu,0gs.5,the parameter
a was about 1.5 and almost temperature independent, while
it showed weak temperature dependence for Bi,Sr, Cagg; Pry 17
Cu,0g45 and Bi,SryCag7p ProosCuyOgiserystals. For all
samples, it was found that @ tends to decrease when the

interlayer coupling strength is decreased, which may imply
that the field dependence of the critical current density
becomes a little weaker when the interlayer coupling
strength is decreased. For parameter f,it increased rapidly
with an increase in temperature; thus, the temperature
dependence of J, is mainly determined by the relationship
between f and temperature in Eq. (2). This result can well
interpret the J, plateau in Fig. 2, for g was very small in low
temperature, which made gH“ <<1 and led to a weaker

field dependence of J.. In the fitting process, it was found
that the fitting results in high field became poor if the J,
plateau data were included; thus, the plateau was excluded
in the fitting. The field dependence of J, for all the four
crystals at 17 K was shown in Fig. 3. It was revealed that J,
decreased obviously with the decrease in interlayer coupling
strength, which indicates that the interlayer coupling has an
important influence on the critical current density of the
cuprates. Although the difference of critical temperature 7,
has some influence on J,the experimental results in Fig. 3
should be mainly attributed to the changes of the interlayer
coupling of the sample. It was concluded that
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Fig. 2 The field dependence of critical current density for the

Bi,Sr,CaCu, 04, crystal at different temperatures. The solid line represents
the fitting lines using Eq. (2)
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Fig. 3 The field dependence of critical current density for four Crystals with
different interlayer coupling strengths at 17 K



enhancing the interlayer coupling of the layer cuprates was an
effective method in developing the critical current density of
the superconductors.

Further analysis of Eq. (2) revealed that the resulting
field dependence of J. was the direct result of logarithm
current dependence pinning potential. Considering the
interaction among the vortex, Zeldov et al. [8,9] suggested
that the vortex pinning potential can be expressed as

U(H,T,J)=F(T)H “In (%) ©)

where Jj is the critical current density when the pinning
potential U is zero, @ is the parameter, and F(7) expresses
the temperature dependence of the pinning potential. The
pinning potential decreased with an increase in temperature;
obviously, F(7) decreased when the temperature increased.
Generally, Jy is field and temperature dependent, and it can
be approximately treated as constant considering that U is
proportional to the logarithm of Jy. The electric field E
caused by vortex creep can be expressed as
E=E;exp [—L(H’T’J)} (4)

kT

When E is increased to the effective electric field
criterion E., the resulting critical current density will be
Jo(H,T)=J, exp|:— Fkﬁ(*;) m(%]hr“}

c

(&)

Equations (5) and (2) give identical field dependence of
the critical current density, which implies that Eq. (3)
expressed the relationship between the pinning potential and
current density in our Bi2212 system. Compared Eq. (5)
with Eq. (2), it can be found that ,_ %7 In imaking it

’ FT)  Eg
easy to understand the fact that the fitting parameter S
decreased rapidly with the increase in temperature. It was
noted that in the fitting results, & was almost temperature
independent for Bij;Pbj36Sr,CaCu,04,5 and Bi,Sr,CaCu,
Og.s samples, which indicates that the pinning potential
expressed as production of temperature function and field
function was practicable.Although « showed very weak
temperature dependence for Bi,Sr,Cajg3Pry7Cu,y04:5 and
Bi,Sr,Cag 7,Prg2sCuy04.5  crystals, compared with the
temperature dependence of S, a can be approximately

treated as a constant, and thus, Eq. (3) was applicable to
those samples, which indicates that the previous discussions
were consistent.
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strengths.It was found that the interlayer coupling strength
of cuprates was the determining factor for the critical
current density of superconductors. The experimental results
revealed that the critical current density was the exponential
function of the applied field, indicating that there existed
logarithm current-dependent pinning potential in Bi2212
crystals.
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4 Conclusions

The critical magnetization current was investigated in
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