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The  effect  of  Yb211  doping  on  the  critical  transition  temperature  (Tc),  c-lattice  parameter,  critical  current
density  (Jc),  volume  pinning  force  (Fp)  and  the  vertical  levitation  force  density  properties  of  MPMG-
processed  (Sm123)1−x(Yb211)x samples  were  investigated.  In this  study  the (Sm123)1−x(Yb211)x sample
with  x  =  0.25  shows  the best  Jc(0)  value  which  is almost  five  times  larger  than  that  of  the  undoped  one
at  zero  field  and  at 77 K,  though  in the  peak  effect  region  the  best  Jc performance  has  the  sample  with
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x  = 0.05  Yb211  doping  ratio.  Jc(H)  curves  exhibits  a  wide  plateau  ranging  from  0.75  to  2.75  T at 77  K with
Yb211  doping  ratio  for  0.05  ≤  x ≤0.20  pointing  out  that the  (Sm123)1−x(Yb211)x samples  presented  here
are  attractive  for superconducting  application  especially  under  high  magnetic  fields.

© 2011 Elsevier B.V. All rights reserved.
lux pinning

. Introduction

The most promising fields for potential application of the
igh-temperature superconductors (HTS) are large scale power
pplications such as superconducting magnets, superconducting
earings as an energy storage systems, power cables, and MAGLEV
ransportation systems [1–3]. Almost all these applications require

 high current density under magnetic field flowing at acceptable
ow dissipation in liquid nitrogen temperature. Unfortunately, Jc is
isappointing low of high-temperature superconductors based on
he RE Ba Cu O compounds (where RE is a rare-earth-elements,
uch as Dy, Gd, Nd, Sm,  and Y), because of ceramic character of
hese materials with its granular structure and the appearance of
he weak-links problem, generally occurring at grain boundaries
4–6]. Since the discovery of high temperature superconductivity,

 variety of attempts have been carried out to enhance the critical
urrent density Jc and to optimize the critical temperature Tc of the
uperconductor for technological applications. It is well known that
chieving high Jc, irreversibility field Birr and magnetic field trap-
ing ability in high temperature superconductors requires effective

ux pinning. Therefore, several preparation techniques were devel-
ped to enhance pinning properties of HTS such as melt-textured
rowth (MTG) [7],  liquid phase process [8],  powder melting process

∗ Corresponding author. Tel.: +90 462 377 41 54; fax: +90 462 377 31 95.
E-mail address: kozturk@ktu.edu.tr (K. Ozturk).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.12.021
(PMP) [9],  melt powder melt growth (MPMG) [10], and top-seeded
melt-growth (TSMG) [11,12] process.

In many research center, various kinds of chemical doping,
including metal and nonmetal elements particles of magnetic alloys
[13–16], various insulating particles such as RE2BaCuO5 (RE211)
and RE2Ba4CuO5 (RE-2411) and other nonsuperconducting parti-
cle have been used as secondary phase particles which can be act
as pinning centers in bulk HTS superconductors [17–19].  It is well
known that, compared to YBa2Cu3Oy−ı the (LRE)Ba2Cu3O7−ı super-
conductors, where LRE is a light rare earth element, such as La, Nd,
Sm,  Eu and Gd, attract important attention as a consequence of
their higher superconducting transition temperature (Tc) and crit-
ical current density (Jc), especially in medium and strong magnetic
fields. However, due to a close size difference between LRE3+ and
Ba2+ ions, the light rare earth elements can easily substitute Ba,
resulting in the formation of LRE1+xBa2−xCu3O7−ı solid solution. As
a result, this substitution causes a reduction in Tc and a broaden-
ing of the superconducting transition interval [20]. It was reported
that to overcome this drawback, the oxygen controlled melt growth
(OCMG) process was developed successfully, consisting of syn-
thesizing the LRE123 material under low partial oxygen pressure
(1% or 0.1% O2 in Ar ambient) [21]. Alternatively, to suppress
the LRE/Ba substitution and to enhance Tc and the superconduct-
ing properties of the (LRE)123 bulk with the melt-texture-growth

(MTG), various Ba-rich additions, such as Sm2Ba4Cu2O9 (Sm242)
and Sm2BaO4 (Sm210) have been used [19,22]. It was also pointed
out that mixed rare-earth compounds are more favorable than sin-
gle rare-earth compounds because a better controlled growth of

dx.doi.org/10.1016/j.jallcom.2011.12.021
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kozturk@ktu.edu.tr
dx.doi.org/10.1016/j.jallcom.2011.12.021
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uperconductor material and enhanced pinning properties through
ormation of local strain fields arising from the differences in ionic
izes of the rare-earth elements, such as Yb, Tm and Er [16,23,24].
t was also reported that the feature of compositional fluctuation
egions, which induce pinning centers needed for higher criti-
al current in superconductor, could be altered by differences
n peritectic temperature, solubility in liquid phase, and ionic
adius [25].

It is also well known that the microstructure characteristics
f bulk RE123 superconductor composites control their physi-
al properties. Therefore, the understanding and control of the
icrostructure are attractive challenges to enhance the super-

onducting properties of MPMG-processed Sm123 sample. Our
revious studies indicated that the doping of Yb211 (Yb2BaCuO5)

nto the Sm123 superconductor sample increases the value of the
ertical magnetic levitation force [26]. The main objective of this
tudy is to determine the relations between critical current density,
olume magnetic pinning force, magnetic levitation force (in zero
eld cooling regime) and pinning mechanism of the bulk supercon-
uctor samples with nominal composition of (Sm123)1−x(Yb211)x

epending on non-superconducting Yb211 doping ratio x, varying
rom 0.00 to 0.35. The second aim is to investigate the influence
f the fabrication temperature of (Sm123)1−x(Yb211)x samples on
evitation force and pinning properties. Therefore, in this study
he measurements of field-dependent magnetization, resistivity �,
olume magnetic pinning force, magnetic levitation force, pinning
echanism and microstructural analysis were performed to fur-

her understand the effect of Yb211 doping on the superconducting
roperties of the nominal (Sm123)1−x(Yb211)x samples.

. Experimental

Firstly, high purity commercial Sm2O3, BaCO3, CuO and Yb2O3 powder are
eighed to have a nominal composition of SmBa2Cu3O7−ı and Yb2BaCuO5, which

re  denoted as Sm123 and Yb211 thereafter, respectively. The polycrystalline Sm123
ample is prepared by the MPMG  method, while Yb211 powder to dope into Sm123
uperconductor is prepared by the solid-state reaction technique (SSR). After the
toichiometric mixture of Sm2O3, BaCO3 and CuO is thoroughly ground for half an
our the powder in the Pt-crucible is placed into a furnace for 5 min  at a temperature
f  1460 ◦C. Then, the sample is immediately cooled down to the room temperature.
fter the quenched samples are ground and mixed well the Yb211 powder is added

o  the Sm123 powder to have nominal composition of (Sm123)1−x(Yb211)x structure
or x = 0.00, 0.05, 0.10, 0.15, 0.20, 0.25 and 0.35 and this powder is mixed well again.
ollowing this procedure, Yb211-doped and undoped powders are pressed into a
ellet form with 13 mm in diameter under 400 MPa  pressure. Then, to understand
hether the reheating temperature and cooling speeds have an effect on supercon-
ucting levitation force or not (Sm123)1−x(Yb211)x samples are heated to 1170 ◦C
reheating temperature) which is different than our earlier produced Sm123 sam-
les  [26]. After that, the samples were held at this temperature for 15 min  and cooled
own to 980 ◦C at the speed of 1.7 ◦C/min. This process was followed by slow cool-

ng  with a rate of 0.02 ◦C/min down to 880 ◦C and finally the samples were cooled
o room temperature at the rate of 2 ◦C/min. At the final stage of the cooling, the
amples are subjected to oxygenation at 500 ◦C for four hours, then cooled down
o  300 ◦C at the rate of 2 ◦C/min under oxygen flow, and finally, the cooling process
as  continued to room temperature at the rate of 5 ◦C/min.

Magnetization hysteresis loops (M–H) were measured using a vibrating sam-
le magnetometer (VSM) of the Quantum Design PPMS system at temperatures
uch as 5, 50 and 77 K with the magnetic field applied perpendicular to the sample
urface. The measurements were performed by the sweep rate of 5 mT  s−1. All resis-
ance measurements in PPMS system after ZFC regime were carried out at constant

agnetic field, varying the temperature from 50 to 100 K in steps of 0.25 K with a
eating rate of 3 K min−1. All samples were rectangular and typical dimensions were
.1  mm × 2.1 mm × 9.0 mm and 0.5 mm × 3.2 mm × 2.6 mm for electrical resistivity
nd magnetization studies respectively.

The microstructure of the samples was investigated by an optical microscope
nd  a scanning electron microscope (SEM, Zeiss Evo LS10) equipped with an EDX
nalyzer. The X-ray diffraction (XRD) data were collected using a Rigaku D/Max-IIIC
iffractometer with Cu K� radiation over the range 20–60◦ with a step 0.02◦ and

 scan speed 2◦ min−1 at room temperature. The orthorhombic lattice parameters

a–c) were calculated from (0 0 6), (0 2 0), (2 0 0), (0 1 3), (1 0 3) and (1 1 6) peaks using
east square methods.

The levitation force measurements of the samples at liquid nitrogen tempera-
ure were performed using a self-made device. Details were reported elsewhere
27].  Vertical forces between the bulk HTSs and cylindrical NdFeB Permanent
Fig. 1. The variation of the transition temperature Tc offset and c-lattice constant of
nominal (Sm123)1−x(Yb211)x bulk samples depending on Yb211 doping ratio x.

magnet (PM) were measured for zero field cooling (ZFC) regime at 77 K. The cylin-
drical PM,  which is used in the measurement of vertical force vs. vertical distance,
has a diameter of 13 mm,  a thickness of 6 mm and a magnetic field of 0.5 T in the
center of the top surface of the PM.  The levitation force experiment is performed by
first placing the bulk sample at the same cooling height and approximately over the
center of top surface of the PM.  The magnet is moved toward to or away from the
superconductor sample by a servo motor. The vertical distance and vertical force are
measured by using a displacement sensor and load cells, respectively. The vertical
forces vs. vertical distance of the bulk samples are measured continuously, con-
trolled by PC and the movement rate of the PM for force measurement is fixed to be
2  mm/s.

3. Results and discussion

In order to obtain a better understanding of the effects of Yb211
doping on the formation of Sm123 superconductor compound with
increasing doping level x, XRD measurements were performed
on the nominal (Sm123)1−x(Yb211)x samples. The Yb211 dop-
ing ratio dependence of the Tc offset and the c-lattice constant of
nominal (Sm123)1−x(Yb211)x bulk samples (reheating tempera-
ture 1170 ◦C) with x = 0.00, 0.05, 0.10, 0.15, 0.20, 0.25 and 0.35 are
shown in Fig. 1. It is found that although the crystal structure of
the samples kept their orthorhombic form, the value of c-lattice
constant reduces with increasing x similar as reported in a for-
mer  study, in which the reheating temperature was 1100 ◦C [27].
In our study, the decrease of the c-lattice constants with increasing
Yb211 doping ratio shows that Yb3+ ions with small ionic size partly
substitute for Sm3+ ions with relatively large ionic size [16,28].  In
addition, a combination of (Sm,Yb)123, Yb123 and Sm123 super-
conducting phases form in the main superconductor matrix (in
literature values of c-lattice constants of 11.65 and 11.76 Å were
reported for Yb123 and Sm123 bulk superconductors respectively
[28,29]). It is also known that the peritectic temperature of Yb123
is lower than that of Sm123 and therefore, Yb123 and (Sm,Yb)123
are formed during the Sm123 growth. It was found that supercon-
ducting transition width broadens with increasing of Yb211 doping
ratio. This broadening indicates that the Yb211 doping induces a
fluctuation of the Tc in the Sm123 sample. It is also seen from
Fig. 1 that the value of Tc offset decreases gradually up to the value of
x = 0.25 and after that decreases rapidly with increasing of x doping
ratio. The rapid decrease of Tc offset for x = 0.35 can be explained by
the excess of the non-superconducting phases amount in super-
conductor sample [22,29].

To illuminate the origin of the pinning force, the critical current

and the levitation force improvement, we  observed the microstruc-
ture and performed a quantitative analysis by SEM-EDX. It was  seen
in both former and current SEM images that the average grain size
of (Sm123)1−x(Yb211)x samples were about 15–45 �m and that the
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Fig. 2. (a) The SEM image of (Sm123)1−x(Yb211)x samples taken from 10 �m depth
of  upper surface and (b) the electron dispersive X-ray (EDX) spectra taken from
Sm123 matrix on point A and (c) secondary phase regions on point B of Yb211-
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In Fig. 3(b) at 77 K, almost all the samples except for doping
oped bulk Sm123 sample for doping ratio x = 0.25. In (b) also the compositional
nalysis data taken from Sm123 matrix region is shown.

uperconductor matrix contains pores and cracks of different size.
he SEM image of (Sm123)1−x(Yb211)x samples and the electron
ispersive X-ray (EDX) spectra taken from Sm123 matrix (point A)
nd secondary phase region (point B in Fig. 2(a)) are shown in Fig. 2.
he compositional analysis data taken from Sm123 matrix region
hown in Fig. 2(b) point out that the matrix region is composed
f Sm123 and (Sm,Yb)123 superconducting phases. As shown in
ig. 2(a) and (c), the light regions indicate the RE211 particles (as
b211 and Sm211) trapped inside the Sm123 matrix with dark
egions. The size of the Yb211 and Sm211 particles for x = 0.25
oping ratio are estimated to be between 0.5 and 2 �m.  It was
lso observed that, with increasing of the Yb211 doping, the num-

er density of RE211 particles in the Sm123 matrix increased. The
etailed EDX compositional analysis results showed that the atomic
ercentage of Yb increases while the percentage of Sm decreases
Fig. 3. Magnetic field dependence of the critical current densities of
(Sm123)1−x(Yb211)x sample for doping ratio of x = 0.00, 0.05, 0.10, 0.15, 0.20,
0.25 and 0.35 at (a) 50 K and (b) 77 K measurement temperatures.

with the increasing of Yb211 doping ratio both in the intergrain and
secondary phase regions (point B in Fig 2(a) and (c)) compared with
those in the Sm123 matrix region. From the EDX analyses we found
secondary phases in the sample such as BaCuO2, Yb211, Sm211 and
RE2O3.

The Jc(H) values of the samples were obtained from the M–H
loops using the extended Bean model with the following relation:
Jc = 20�M/[a(1  − a/3b)] where Jc is in A cm−2, �M is magnetiza-
tion hysteresis during increasing and decreasing field processes in
emu cm−3, and a, b (a < b) are cross-sectional sample dimensions
(in cm)  in the plain perpendicular to the applied field [30]. Mag-
netic field dependence of the critical current densities at 50 K and
77 K are shown in Fig. 3 for doping ratios of x = 0.00, 0.05, 0.10, 0.15,
0.20, 0.25 and 0.35. For all the doped-samples in Fig. 3(a) Jc at 50 K
monotonically increases with increasing doping ratio up to x = 0.25
and decreases with increasing applied field between 0 and 0.5 T
generally. At 50 K a shoulder-like feature also appears in each curve
when 0.00 ≤ x ≤ 0.25. This feature indicates field-induced pinning
centers in Yb211-doped bulk Sm123 superconductor. As shown in
Fig. 3, the maximum value of Jc at zero field decreases with further
increasing of x for x > 0.25 implying that x = 0.25 is the optimum
Yb211 doping ratio.
ratio x = 0.35 and 0.25 show a partial secondary peak effect at an
external field between ∼0.51 − 1.21 T whereas Jc with doping ratio
x = 0.35 has dropped abruptly to zero at about 1.5 T. In addition, it
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ig. 4. Variation of volume pinning force Fp as a function of magnetic field of
Sm123)1−x(Yb211)x sample for different Yb211 doping ratios at 77 K and 5 K (inset
lot).

s seen from Fig. 3 that for the doping ratio x = 0.35, Jc decreases
ontinuously with increasing the magnetic field for both mea-
urement temperatures at 50 and 77 K. At 77 K and for zero-field,
he (Sm123)1−x(Yb211)x sample with 0.25 doping ratio shows the
est Jc(0) value which is almost five times larger than that of the
ndoped one, whereas in the peak effect region the best Jc per-
ormance has the sample with Yb211 doping ratio of x = 0.05. This

eans that suitable amounts of Yb211 doping not only enhance
c in the low field region but also in the high field region com-
ared with undoped sample. This property of (Sm123)1−x(Yb211)x

amples make them attractive for applications under high mag-
etic field. In Fig. 3(b) for x > 0.05, the second peak moves to lower
eld with increasing of x doping ratio up to 0.20. For this case, it

s suggested that the presence of the Yb123, (Sm,Yb)123 super-
onductors and Yb211 and BaCuO2 non-superconducting phases
n solid solution (as confirmed by SEM-EDX measurements) gives
ise to compositional fluctuations. This leads to a spatial distribu-
ion of Tc in (Sm123)1−x(Yb211)x superconductors, which provides
he called ıTc pinning. It is known that this ıTc pinning is signaled by
he second-peak effect in the Jc(B) curves of superconductors [31].
or doping ratio x > 0.05 the increase of the non-superconducting
hases amount in superconductor sample degrades the supercon-
ucting properties of the Sm123 matrix at 77 K and this leads to
he reduction of ıTc pinning effects so that the value of Jc decreases
n higher magnetic fields. In this study, the value of Jc at 77 K is
ower than MPMG-processed Y123 with Ag addition and melt-
extured (TSMG process) Sm123 with Sm242 addition, although
he Jc(0) value at 77 K of (Sm123)1−x(Yb211)x sample for x = 0.25 is
lmost five times larger than that of the undoped sample. It can be
hought that one of the reasons of the lower Jc in this sample are
racks in a/b-planes. It was reported that these cracks are formed
ecause of mechanical stresses, which arise in the sample during

ts fabrication. Generally two main sources of stresses appearing
uring fabrication were suggested as the different thermal expan-
ion coefficients of 123 and 211 phases (such as Sm123, Sm211 and
b211) and the dependence of 123 phase lattice parameters on the
xygen stoichiometry [26,32]. It is well known that Ag particles
ignificantly suppress cracking in superconductor sample because
he addition of Ag improve the mechanical properties of 123/211
ulks [10,32].  It is suggested that other reasons of the lower Jc in

Sm123)1−x(Yb211)x samples compared to melt-textured Sm123
ith Sm242 [22] and nano-Sm211 (or nano-Nd422) additives [33]

re the non-uniform distribution and large size of the Yb211
articles.
Fig. 5. The vertical levitation force density vs. vertical distance between the
MPMG-processed (Sm123)1−x(Yb211)x samples and the permanent magnet for
reheat-temperatures at 1170 and 1100 ◦C (inset plot [29]).

Fig. 4 shows the plot of the volume pinning force Fp − B (in which
Fp = Jc × B and B = �0H) curves at 77 K and 5 K (inset plot). It is seen
from Fig. 4 the value of volume pinning force increase with increas-
ing of doping ratio x at 5 K except for x = 0.35. The maximum volume
pinning force at 5 K is ∼1.5 × 109 Nm−3 for x = 0.25 doping ratio
which is approximately two  times larger than undoped sample. Fp

increases with increasing external magnetic field B in a low-field
regime, after that Fp exhibits a maximum value in an intermedi-
ate field range and finally with further increasing field Fp decreases
at 5 K. In addition, in this figure it is seen that, the peak position
of the Fp max is Yb211 doping ratio dependent since the peak posi-
tion moves to lower field with increasing of x doping ratio. As in
the case of Jc at 77 K in Fig. 3(b), the curves at 77 K in Fig. 4 show
that the pinning force dependence on Yb211 doping ratio was  not
straightforward. In Fig. 4 it was  observed that Fp increase gener-
ally with increasing doping ratio x compared with pure sample,
except for the very strong increasing the doping ratio of x = 0.05 in
the high field region. This implies that dominant pinning properties
are different depending on the field quantity, measurement tem-
perature and doping ratio. The non-superconducting phases such
as Yb211 particles and crystal defects contribute to pinning in low
field regions (ıl pinning) with increasing Yb211 doping ratio. On
the other hand the RE-rich low Tc clusters such as (Sm,Yb)123, the
mixture of different RE211 clusters and nano-sized compositional
fluctuation regions contribute to pinning (mentioned before as ıTc

pinning) for optimum Yb211 doping ratio as x = 0.05 in high field
region at 77 K. These regions were also known as field induced pin-
ning centers and therefore enhance Fp and Jc in high magnetic field
regions [25,28,34].

In this study in order to verify the pinning types [35] and obtain
an insight into the origin of the pinning properties in the sam-
ple, an analysis up to 3 T was performed. Because of the improved
superconductivity for Yb211 doped MPMG-processed Sm123 bulk,
a detailed analysis (up to 6 T) will be carried out about the addition
of the nano-scale Yb211, Sm211 and Ag phases into the TSMG-
processed Sm123 single grains in the future.

Fig. 5 shows the vertical levitation force density (force per vol-
ume  of HTS) as a function of vertical distance in ZFC state at T = 77 K
for MPMG-processed (Sm123)1−x(Yb211)x samples with different
reheat-temperatures at 1170 and 1100 ◦C (inset plot [26]). Ini-

tially the samples are cooled with CH = 32 mm,  then the vertical
levitation force density vs. vertical distance is measured with a
descending vertical traverse to 2 mm,  followed by an ascending
vertical traverse to 32 mm  for samples with reheat-temperatures
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t 1170 ◦C. As shown in Fig. 5, the vertical levitation force den-
ity increases as the PM moves toward the surface of the HTS
nd reaches the highest value for sample a reheat-temperature of
170 ◦C and a Yb211 doping ratio x = 0.25. This value is approxi-
ately six times larger than that for a sample produced before at

100 ◦C reheat-temperature [26]. In Fig. 5 the maximum vertical
evitation force density increases with increasing of Yb211 doping
evel and reheat-temperature indicating enhanced pinning proper-
ies of the (Sm123)1−x(Yb211)x sample for x = 0.25 at low magnetic
elds. However, as confirmed from Fp curves, the best pinning prop-
rties at higher magnetic field than 1.2 T at 77 K were found for
Sm123)1−x(Yb211)x samples with a doping ratio of x = 0.05.

. Conclusion

The offset Tc, c-lattice parameter, Jc(H), Fp(H) curves, pinning
echanism and the vertical levitation force density properties

f MPMG-processed (Sm123)1−x(Yb211)x samples were inves-
igated depending on Yb211 doping ratio. It was found that
lthough the crystal structure of the samples kept their orthorhom-
ic form, the value of c-lattice constant and Tc reduces with

ncreasing x doping ratio. In Jc(H) curves at 50 K a shoulder-like
eature appears when 0.00 ≤ x ≤ 0.25 reflecting the enhancement
f Jc by Yb211 doping in the presence of magnetic field. At
7 K and low fields, (Sm123)1−x(Yb211)x sample with 0.25 dop-

ng ratio shows the best Jc(0) value which is almost five times
arger than that of the undoped one. In contrast, in the peak
ffect region the best Jc performance has the sample with Yb211
oping ratio of x = 0.05. In addition, It was found that the ver-
ical levitation force density increases as the PM moves toward
he surface of the HTS and reaches the highest value for sam-
le with reheat-temperature at 1170 ◦C and doping ratio for

 = 0.25. This value is approximately six times larger than that
btained for sample reheated at 1100 ◦C reheat-temperature. By
tilizing these properties of Yb211-doped Sm123 sample, var-

ous small and large-scale superconductor applications can be
arried out by optimization the feature of compositional fluctua-
ion regions, sample size and processing conditions of the Sm123
ample.
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