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Abstract The effect of the partial substitution of Ca by
Sm in the Bi-2223 superconducting samples have been
investigated in terms of X-ray diffraction (XRD), EDXRF
(Energy Dispersive X-ray Fluorescent), magnetoresistivity,
critical temperature, transport critical current density, and
ac susceptibility measurements. The samples were pre-
pared by the conventional solid-state reaction method.
XRD patterns are used to calculate lattice parameters and
phase ratio of the Bi-2223 samples. The volume fraction
was determined from the intensities of Bi-2223 and
Bi-2212 peaks. The room temperature XRD patterns of the
samples showed the presence of Bi-2223 phase decreases
with increasing the Sm content. We estimated the transition
temperature of the samples from the resistivity versus
temperature measurements in dc magnetic fields up to
0.6 T. We observed that transition temperature, 7., and
transport critical current density, J7*", depend on the Sm
substitution. They both decrease with increasing the Sm
substitution. We extracted the peak temperature, 7, and
the pinning force density from our previous ac suscepti-
bility measurements. The pinning force density decreased
with increasing the Sm content. The possible reasons for
the observed decreases in critical temperature and critical
current density due to Sm substitution were discussed.
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Introduction

It is understood that the high temperature superconductors
(HTSCs) show unusual behaviors in the mixed state,
smearing from their layered structure, high transition
temperature, short coherence length and etc. Among these
unusual behaviors, giant flux creep is suggested to be an
important one, which has become an interesting subject for
both theory and experiment in the past several years [1].
The results are used to discuss the flux pinning and ther-
mally activated flux motion in the mixed state of HTSCs.
These are related to the magnetic and electric properties of
HTSCs in the magnetic field. The broadening of resistive
transition in the magnetic field is also attributed to the
thermally activated flux motion [2, 3]. Some groups [4—7]
have done studies of flux pinning and flux activation, and
several models have been proposed. Among these, both
vortex-glass model [8] and collective-pinning model [9]
predict the same power-law form for the dependence of the
activation energy U, (J) on current density. According to
the thermally activated flux motion model, the essential
problem is to study the nonlinear U, (J) dependence of the
HTSCs.

Magnetic relaxation and flux creep exists in type II
superconductors causing decay of the irreversible magne-
tization. The irreversibility line can be determined from
various measurements such as dc resistivity, ac suscepti-
bility, and etc. [10]. Muller et al. [11] first reported the
irreversibility line in HTSCs. The measurements of ac
susceptibility are commonly used to determine magnetic
and superconducting properties of materials. In particular,
the ac susceptibility measurement is useful in determining
the specimen and for distinguishing between inter- and
intragrain properties. For sintered high-7,. superconductors
the temperature dependence of the imaginary part of the



J Mater Sci (2007) 42:9030-9036

9031

complex ac susceptibility shows two peaks, T, and T, at
high ac fields [12, 13]. The first peak (at high field) appears
at a temperature T, slightly bellow T, due to intragranular
supercurrents, and a second loss peak (at low-field) appears
at a temperature T, lower than T, due to sample-circulating
intergranular supercurrents.

Doping with different elements at various amounts and
adjusting preparation condition affect phase formation and
physical properties in Bi-based system. Many studies of
doping into superconductor oxide ceramics have been
made in order to improve their superconducting, magnetic
and mechanical properties [14-21]. The objectives of
doping studies are to optimize the hole concentration, to
introduce pinning centers and to enhance the formation of
Bi-2223 phase. Li, Ti, W and Mo have been doped into
BiPbSrCaCuO bulk samples, and it was reported that Li
doping led to an increase in critical current density (J,),
while Ti doping led to a decrease, and W and Mo doping
did not contribute a substantial change in J. [23, 24].
Substitution of Eu, Dy and Tm in the Bi-2212 system has
caused a transition from superconductor to insulator
[24-26]. The partial replacements of Ca by Y, Gd, and Sm
in the Bi-2212 and Bi-2223 systems decreased carrier
concentration due to structural modulations and changes in
the valency of Cu [25-28]. On the other hand, it was
observed that the substitution of divalent Ca by trivalent
rare-earth elements in the Bi-2212 system causes a sharp
change in transition from a superconductor to an insulator
and a decrease in the lattice parameter ¢ because of a
drastic change in the carrier concentration [22, 27]. A
comprehensive study of Sm addition to Bi-2212 and
Bi-2223 was reported in the literature [16—19, 29]. In our
previous study, we investigated the effect of the partial
substitution of Ca by Sm in the Bi-2223 superconducting
samples on its structural and physical and magnetic prop-
erties [16-19]. It was obtained that superconducting (the
values of T.. and J..) and mechanical properties degrade and
the lattice parameter ¢ and the Bi-2223 phase decreased
with increasing Sm content. It was also reported that for
x=1.0 and 1.5 the compounds showed semiconducting
behavior. We investigated effect of the partial substitution
of Ca by Sm in Bi(Pb)SrCaCuO system by using the low
field ac magnetic susceptibility method [18]. The investi-
gations consisted of ac susceptibility, the temperature
dependence of intergranular critical current density,
Jiner(T,,), and scanning electron microscopy (SEM) mea-
surements. It was observed that the grain size of the pure
sample is considerably larger than the Sm-doped samples,
the overall susceptibility curves of the samples are shifted
to lower temperature and the value of J™*'(T,) decreases
by increasing the Sm concentration.

In this work, we report measurements of electrical
resistivity as a function of temperature under magnetic field

up to 0.6 T and transport critical current density in order to
investigate the effect of the partial substitution of Ca by Sm
on superconducting properties of Bi-2223 samples. We
also reported XRD measurements to extract the lattice
parameters and the relative portion of Bi-2223 and that of
Bi-2212 phases and EDXRF measurements to estimate
stoichiometric ratios of the considered samples.

Experimental details

The Bi, ¢Pbg 4Sry(Ca,_Sm,)Cu;0, samples with
0 <x<0.005 Sm were prepared by using the standard
solid-state reaction method [16]. Rectangular bars were cut
from the sintered samples for electrical resistivity, critical
current and ac susceptibility measurements. The typical
sample size was 2.9 x 2.1 x 12.1 mm°.

XRD data were taken using a Rigaku D/Max-IIIC dif-
fractometer with CuK, radiation in the range 26 = 4°-60°
with a scan speed of 3°/min and a step increment of 0.02°
at room temperature. Phase purity and the lattice parame-
ters were obtained from these XRD patterns. The accuracy
in determining the lattice parameter ¢ was +0.001 A. The
mean values of lattice parameter ¢ for Bi-2223 phase are
determined from (002), (0010), (0012), (115) and (0014)
peaks of the XRD measurements for pure and Sm substi-
tuted Bi; ¢Pbg 4S1r5(Cay_Sm,)Cuz0, samples. The relative
proportions of the Bi-2223 phase were determined from
(002), (008), (0010), (115), (0012), (200), (1111) and
(0212) peaks and the relative proportions of Bi-2212 phase
were determined from (115), (220), (315), (317), (1115)
and (1112) peaks. The relative proportions of the Bi-2223
phase were determined from (002), (008), (0010), (115),
(0012), (200), (1111) and (0212) peaks and the relative
proportions of Bi-2212 phase were determined from (115),
(220), (315), (317), (1115) and (1112) peaks, using the
following well-known expressions [30, 31];

)
pu— 1
fas) > Ty + 22 I M)
> AL
f2212) LUk (2)

Y Iy + 2 Ly

Here Iy(hkl) and I; (hkl) are the intensities of the (hkl)
diffraction lines for Bi-2223 and Bi-2212 phases, respec-
tively (Fig. 2).

The transport critical current (I.) (77 K, self field,
1 uv cm_l) and dc resistivity (5 mA dc current) were
measured by a conventional four-probe method. The con-
tacts were made with silver paint. The outside pin-points
feed the current and the intermediate ones (/ =7 mm)
allow the voltage drop measurement. A Keithley 220

@ Springer



9032

J Mater Sci (2007) 42:9030-9036

programmable current source and a Keithley 2182A nano-
voltmeter were used for the resistivity and [-V measure-
ments. The I. was converted to J7** by dividing by the
area of cross section of the samples. Actual dc currents
were run through the samples up to 5 A. Resistive contacts
caused heating and the test was completed in possible short
time, in order to avoid this effect.

We measured temperature (40—130 K) and dc magnetic
field (0-0.6 T) dependent of resistivity of the samples with
5 mA dc current in a cryostat. The magnetic field was
applied parallel to the current direction. The external dc
magnetic fields for resistivity measurements were provided
by an electromagnet. The transition temperature 7, was
determined as the temperature at zero resistivity.

Results and discussion

In our previous work, we investigated effect of the partial
substitution of Ca by Sm in Bi(Pb)SrCaCuO high tem-
perature superconductors by using the low field ac mag-
netic susceptibility method [18]. The investigations
consisted of ac susceptibility as a function of temperature
(77-120 K) under different ac field amplitudes, the tem-
perature dependence of intergranular critical current den-
sity, J™"(T,), and SEM measurements. It was observed
that the overall susceptibility curves of the samples are
shifted to lower temperature by increasing the ac field
amplitude. The intensity of the imaginary parts increased
with increasing the ac field amplitude. The susceptibility—
temperature curves shifted to lower temperatures and
considerably increased the transition width in y” - T
curves, and also decreased the shielding fraction of the
superconducting phase in the samples with increasing the
Sm concentration. In the calculation of J™'(T,) as a
function of the peak temperature from our previous work
[18], it was found that the value of J™*"(T,) increases with
decreasing the Sm content and temperature. From the
previous SEM analysis [16], it was observed that the grain
size of the pure sample is considerably larger than the
Sm-doped samples.

In the present study, we have studied the peak temper-
ature dependence as a function of ac magnetic field, H,, in
order to investigate the effect of partial substitution of Ca
by Sm on the intergranular pinning force. The values of T,
were estimated from our previous ac susceptibility versus
temperature measurements for the ac field amplitudes of
111, 222, 333, 444 and 555 A/m at 1 kHz [18]. It was also
observed that peak temperatures, T,, shift to lower tem-
perature with increasing ac field amplitudes. The shift of 7,
with field can be explained in terms of the strength of the
pinning force. As can be seen from Fig. 1 a linear depen-
dence of T, as a function of H,. is observed for all the
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Fig. 1 Intergranular peak temperature as a function of ac magnetic
field amplitude for x = 0.0000, 0.0005, 0.0010, and 0.0050 Sm

samples. This is consistent with the previous works
[32-34]. Miiller critical state model assumes a magnetic flux
independent pinning force densities, and «; and «, for inter-
and intragranular vortices described by the relation [33]:

0)11/2
Ty = Too — Tpo [%} ac (3)
where a is the height of the cylinder samples, u.4 (0) is the
effective permeability of the ceramic and o; (0) is the
intergranular pinning force density. From a least squares fit
of this expression (Eq. (3)) to the data 7,, and
10 11,5(0) /2ax; (0)] were extracted for all samples. The
values of T,, decreased while the values of
10 1(0) /2ax;(0)] increased with increasing the Sm
content. This means that the values of o; (0) decrease with
increasing the Sm concentration. A decreasing trend in
pinning force of the samples with increasing the Sm con-
tent is attributable to greater voids and defects as revealed
by our previous SEM images [16]. This result is also
consistent with the temperature dependence of Jci”te’(Tp) in
the previous study [18]. The effective pinning force density
decreases with increasing ac magnetic field causing T, to
shift to lower temperature. The rapid decrease of the
activation energy induces the steep dropping of the critical
current density with increasing magnetic field.

The XRD patterns of pure and Sm substituted samples
(x = 0, 0.0005, 0.001 and 0.005) are shown in Fig. 2. XRD
pattern was taken by use of CuK, radiation and measure-
ments were taken at room temperature. All peaks in the
XRD pattern are indexed. There is a significant increase in
the intensities of particular peaks between the pure and Sm
substituted samples. As can be seen from the figure, the
intensities of the Bi-2223 peaks decrease and the intensities
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Fig. 2 The XRD patterns for
(a) pure sample and Sm
substituted samples (b) x =
0.0005, (c) 0.001, and (d) 0.005.
The peaks indexed (hk/)L and
(hkDH represent the Bi-2212
and Bi-2223 phases,
respectively
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of the Bi-2212 peaks increase with increasing substitution
of Sm for Ca. The determined lattice parameters from the
(00l) peaks of the XRD data are given in Table 1. It is
observed that the lattice parameter ¢ decreases significantly
with increasing Sm content as listed in Table 1. Similar
result has been reported by Zandbergen et al. [35]. As
pointed out by Zandbergen et al., the behavior of lattice
parameter can be explained by the increase of the oxygen
content in the unit cell by the replacement of Ca** by Sm>*
in the structure. It was speculated that the excess of oxygen
goes into the bismuth oxide layers causing a decrease in
lattice parameter c. It is also believed that the decrease of

Table 1 Some characteristics of superconducting samples

Samples Lattice Volume T T, (K) (for
parameter fraction (%) (K) 111 A/m)
c(A) - -

Bi-2223  Bi-2212

Pure 37.236 94 06 105 97

x =0.0005 37.206 92 08 102 88

x =0.001 37.197 83 17 99 86

x = 0.005 37.190 79 21 97 85

=

— 1%
o
—
(&)
N
o

25 30 3 40 45 50 55 60
20 ( Degree)

lattice parameter c is due to incorporation of Sm ions into
the interstitial sites in the unit cell rather than occupation of
the Ca sites. The relative volume fractions of the Bi-2223
and Bi-2212 phases were determined from the peak
intensities of the same particular reflections using Eqs. (1)
and (2). As listed in Table 1, the volume fraction of
Bi-2223 phase decreased and that of Bi-2212 phase
increased with increasing the Sm content.

The stoichiometry of Sm substituted annealed
Bi; ¢Pbg 4Sr,Ca,_Sm,Cu30, samples were investigated by
EDXREF technique. Figure 3 shows the EDXRF spectrum
of Sm substituted Bi; ¢Pbg4Sr,Ca, Sm,Cuz0, samples
with x = 0.0005, 0.001 and 0.005. Stoichiometric ratios of
the analysed samples are given in Table 2 [19]. In this
analysis, Bi atomic ratio is given as 1.6. As seen from the
table, Sm amount in the sample up to x = 0.001 is not
enough to examine by means of the EDXRF technique.

The electrical resistivity as a function of temperature
was measured in an external magnetic field up to 0.6 T for
the Bi; ¢Pbg 4Sr>(Ca,_Sm,)Cusz0,, samples with
0 <x<0.005 Sm. Figure 4 shows temperature depen-
dence of resistivity for Bi; ¢Pbg 4Sr>(Ca,_.Sm,)Cuz0, with
x =0, 0.0005, 0.0010 and 0.0050 at zero fields. The
resistivity versus temperature plots show that the resistivity

@ Springer
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Fig. 3 EDXREF spectra of (a)
Bi 1 A6Pb0‘4srzcaz,_¥SmXCU3oy
samples with (a) x = 0.0005,
(b) x = 0.001 and (c¢) x = 0.005
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decreases linearly with temperature in the normal state. As
can be seen from the figure the transition temperature,
T2l decreases from 90 K to 75 K with increasing the Sm
concentration at zero magnetic field. Room temperature
resistivity increases while critical transition temperature
decreases with increasing x from zero to 0.005 Sm. The
behavior of the resistivity is the same as our previous

@ Springer

Energy (ieV)

Energy (he)

measurements [16] except the values of transition tem-
perature and room temperature resistivity. In the present
work, dc resistivity measurements on the same samples
were made approximately 2 years later than the previous
work. It is observed that the values of T,. decrease while the
values of room temperature resistivity increase (10 times)
in the present study. The transition curves from normal to
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Table 2 Calculated

stoichiometry of Sm substituted Samples Bi St Ca Sm Cu
Bi; 6Pbo.4Sr2Ca;_Sm.Cu;0, Pure 1.600 0.950 0320 0.003 1.790
samples from EDXRF results
[19] x = 0.0005 1.600 0.860 0.240 0.000 1.730
x =0.0010 1.600 0.850 0.240 0.000 1.760
x = 0.0050 1.600 0.820 0.2300 0.005 1.680
x =0.0100 1.600 0.800 0.220 0.007 1.580
x = 0.1000 1.600 0.820 0.200 0.063 1.650
1 (@) 30 [T
* =0 (Pure sample) L
35 = %=0.0005 Sm i .
+ ¥=0.001 Sm 25 - -
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Fig. 4 Temperature dependence of resistivity for Bij ¢Pbg4Srs (b) 30 B
(Ca,_Sm,)Cu30, with x = 0, 0.0005, 0.001 and 0.005 at zero fields r
25 [
superconducting state indicate two-step transitions and it is -
believed that it is related to a structural phase transfor- E 20 |-
mation (from 2223 to 2212) and weak links between the o] i
grains in the samples. The structural phase transformation % 15
is supported by XRD measurements. It is observed that the r
broadening of the resistivity transition width increases with 10 L
increasing the Sm concentration. ;
Figure 5 shows temperature dependence of resistivity 5[
for Bi; ¢Pbg4Sry(Cay_Sm,)Cuz0, with x = 0.0005 and !
x = 0.001 at various magnetic fields (0, 0.3 and 0.6 T). It is ol e T e
40 60 80 100 120

observed that, with increasing dc magnetic field up to
0.6 T, T;’ff‘e’ ranges from 90 K to 70 K for the pure sample,
85 K to 54 K for x =0.0005 Sm, 80 K to 49 K for
x = 0.001 Sm, and 75 K to 35 K for x = 0.005 Sm.

The transport critical current densities as a function of
the Sm concentrations were measured in liquid nitrogen at
zero magnetic fields as shown in Fig. 6. It observed that the
JI" decreases with increasing the Sm concentrations. This
result agrees with our o (0) calculations. Granularity of the
samples was the reason for low critical current densities.
The relatively low J7* for Sm substituted sample with
respect to the undoped sample may be attributed to have
smaller grain size.

Temperature (K)

Fig. 5 Temperature dependence of resistivity for Bij ¢Pbg4Sr;
(Ca,_Sm,)Cu30, with (a) x = 0.0005 and (b) x = 0.0010 at various
magnetic fields

Conclusions

Superconducting samples with nominal composition
Bi; ¢Pbg 4Sr2(Cay_,Sm,)Cu30, were prepared the solid-
state reaction method. The XRD measurements were done
at room temperature and the lattice parameters of the
samples were obtained by indexing all the peaks. The

@ Springer
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