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Abstract Sm123 and Sm211 were prepared by melt-
powder-melt-growth and solid-state-reaction techniques, re-
spectively, to have the nominal composition of (Sm123)0.75

(Sm211)0.25. After the preparation of this composition, the
Fe-B magnetic powder (MP) was added to the composi-
tion for 0.000, 0.010, 0.015, 0.025, 0.050 wt.% to investi-
gate the effect of MP addition on the levitation force den-
sity (LFD). Additionally, different permanent magnets (PM)
were used as magnetic-field source to investigate the effect
of magnetic-field gradient on the LFD of MP added super-
conductors. Our findings indicate that the MP addition acts
as a flux pinning centre in the sample and enhances the LFD
up to 0.025 wt.% adding amount, and the optimum flux gra-
dient which produces a screening current in the sample oc-
curs when the B/d (magnetic-field intensity/ diameter of
PM) ratio is equal to 0.060. These results imply that the
experimental data can be useful for fabricating process of
superconducting samples with larger MLF values, and de-
signing of superconducting magnets, flywheel energy stor-
age and maglev systems.
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1 Introduction

The high-Tc superconductors (HTSs) which have large at-
tractive or repulsive magnetic levitation force (MLF) above
or below a permanent magnet (PM) have significant poten-
tial for various engineering applications such as contact-
less magnetic bearings [1–3], flywheel energy storage [4, 5],
superconductor motor/generators [6] and magnetic levita-
tion transportation systems [7]. Since the discovery of the
HTSs, most of the studies were focused on enhancing the
MLF. The magnitude of the levitation forces that one can
obtain depends upon the size and shapes of the interact-
ing magnets and superconductor samples and their relative
positions and orientations, as well as the intrinsic proper-
ties of the magnetic materials and superconductors, such
as the magnetization of the magnets and the critical cur-
rent densities of the superconductors. Additionally, MLF
depends on some parameters such as the geometry of the
HTS [8], number, configuration and geometry of the PM
[9], intensity of applied magnetic field [10, 11], angle be-
tween the HTS and PM [12], MLF measurement tempera-
ture of the HTS [13], cooling process [14], etc. It is well
known that the adding of secondary phase particles into su-
perconductors can enhance the flux pinning performance of
melt-processed bulk samples. The nonsuperconducting and
interface of 211–123 phases [15], dislocations [16], twins
and stacking faults [17] have been proved to be flux pinning
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centers in HTS. It was also observed that the RE2BaCuO5

(RE211) secondary phase addition used popularly in the past
years and enhanced the superconducting properties of the
samples [18]. Inserting of chemical dopants such as Li or
Zn into CuO2 planes increases critical current densities, thus
magnetic trapped fields become higher than twice compared
with the values of the undoped material at 77 K [19, 20].
It was observed that magnetic powder addition such as Fe-
B and Fe2O3 improved the flux pinning and critical current
density of Gd123 and (Bi1.6Pb0.4)Sr2Ca2Cu3O10 HTSs [21,
22]. The RE1+xBa2−xCu3O6+δ (RE: Nd, Sm, Gd, Yb) su-
perconductors have higher Jc, Tc and irreversible field val-
ues, compared with YBCO. It was observed that Sm123 su-
perconductors have higher trapped magnetic-field value than
YBCO (trapped fields for Sm123 and Y123 are 1.3 T and
1 T, respectively) [23, 24].

The goal of this study is to improve the structural
properties and magnetic levitation force of (Sm123)0.75

(Sm211)0.25 bulk samples by adding different amounts of
Fe-B magnetic powder and using different diameter of PM.
Therefore, we focused on improving levitation force density
by means of the increasing of pinning centers in the sample
with adding of MP and changing of the magnetic-field gra-
dient of the PM. We fabricated the samples by using MPMG
(melt-powder-melt-growth) method and measured levitation
force density (LFD: force per volume of HTS) as a func-
tion of adding ratio of magnetic powder (MP) under both
the field cooling (FC) and zero field cooling (ZFC) regimes.
Although few studies have been carried out on the study
of MP addition into the HTS to increase the magnetic and
pinning properties, no studies have been reported on the ef-
fect of MP to enhance the value of MLF. In this study it
was observed that the value of the LFD first increased up
to a saturation value and after that decreased with further
amount of Fe-B addition. The effect of the magnet size
and magnetic-field intensity on the LFD was also investi-
gated.

2 Experimental Procedure

The polycrystalline Sm123 samples were prepared by the
MPMG [25] method. Commercially available high pu-
rity Sm2O3, BaCO3 and CuO powders were weighed to
have a nominal composition of SmBa2Cu3O7−x (Sm123)
and Sm2BaCuO5 (Sm211). The Sm211 was prepared by
the solid-state-reaction technique. The mixtures of Sm2O3,
BaCO3 and CuO powders were thoroughly grounded for an
hour, calcined at 910 °C and then sintered at 920 °C for 12
h in air to have the Sm211 nominal composition. The mix-
tures of Sm2O3, BaCO3 and CuO powders were thoroughly
grounded for an hour, calcined two times at 900 °C for 12 h,
and then melted for 5 min. in a platinum crucible at 1460 °C.

After melting, the melted materials were quenched to room
temperature. The quenched samples were grinded and mixed
well. At this stage, powder of Sm211 and MP of Fe-B
were added to the Sm123 to have a nominal composition
of (Sm123)0.75(Sm211)0.25 +x wt.% MP, x = 0.000, 0.010,
0.015, 0.025, 0.050 structure. Following this procedure, the
powders were mixed and then pressed into a pellet form with
a diameter of 13 mm under 360 MPa pressure. The samples
were heated to 1000 °C at the rate of 10 °C/min, and then
heated to 1175 °C at the rate of 5 °C/min. After waiting for
10 minutes, samples were cooled down to 1000 °C at the rate
of 1.7 °C/min. This was followed by slow cooling down to
880 °C at the rate of 0.04 °C/min and finally cooled to room
temperature at the rate of 3 °C/min. At the final stage of the
cooling, the samples were subjected to oxygenation process
at 550 °C for 150 minutes, then cooled down to 300 °C at
the rate of 2 °C/min under oxygen flow. Finally, the sam-
ples were cooled down to room temperature at the rate of
5 °C/min. All of the values of temperatures for the thermal
processes were obtained from differential thermal analysis
(DTA) measurements.

The morphology of the samples was observed by means
of scanning electron microscope (SEM, Zeiss Evo LS10)
and polarized optical microscope. The resistance measure-
ments in Quantum Design PPMS system after ZFC regime
were carried out under a constant magnetic field, from 50
to 100 K by the step of 0.25 K while the heating rate of
3 K/min. The samples that are used for the electrical resis-
tance measurement have rectangular shape and the typical
dimensions of the samples are 2.6 × 3.2 × 5.8 mm3. The
critical transient temperature was determined between 90
and 92 K. In the resistance measurement it was also seen
that the critical transient temperature value decrease when
the magnetic powder ratio increase.

The levitation force measurements of the samples were
determined by using a self-made device [26]. The vertical
forces between the bulk HTSs and NdFeB PM were mea-
sured for both FC and ZFC conditions at liquid nitrogen tem-
perature. The measurements were performed by first placing
the bulk samples at the same cooling height and approxi-
mately over the centre of the PM. The samples were fixed
at liquid nitrogen temperature and PM was moved toward
or away from the HTS by using a servo motor. The verti-
cal distances were measured by using a displacement sensor
and the vertical force is measured by load cells. All of the
measurements were controlled by PC.

The X-ray diffraction patterns of the samples were ob-
tained by using a Rikagu D/Max-IIIC diffractometer with
Cu Kα X-radiation. The X-ray diffraction patterns showed
that all of the samples have orthorhombic structure as con-
sistent with superconducting phase.
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3 Results and Discussion

Figure 1 shows the scanning electron microscopy image of
magnetic powder which was added into the samples. We
tried to employ the magnetic powder as the secondary phase
to enhance the pinning force. It can be seen from the image
that the MP have a granular structure and the average size of
the particles is about 5–10 µm.

Figure 2 displays the SEM image of (Sm123)0.75

(Sm211)0.25 sample for x = 0.025 taken from 100 µm depth
of upper surface. The average grain size of the sample is
estimated to be 40–50 µm. The pure sample (not shown in
here) exhibits non-uniform structure and it has both a rela-
tively large size of pores and non-uniform grain size distri-
bution which varies from 10 to 40 µm. As shown in Fig. 2,
the MP added sample for x = 0.025 has more uniform grain
size distribution and a dense structure than pure sample. The
edges of grains in added sample are more round than pure
sample. These results indicate that structural properties of

Fig. 1 SEM image of magnetic powder. The average size of the parti-
cles is about 5–10 µm

Fig. 2 SEM image of the MP added sample for x = 0.025 taken from
100 µm depth of upper surface

the (Sm123)0.75(Sm211)0.25 sample improve with adding of
the magnetic impurity.

It is known that the levitation force between a supercon-
ductor and a PM is produced by the mutual interaction be-
tween the induced shielding current in the superconductor
sample and the magnetic field produced by the PM. The
levitation force is then proportional with the magnetic mo-
ment of the superconductor and magnetic-field gradient of
the magnet as F = m(dH/dz), where m is the magnetic
moment of a superconductor which is proportional to the
shielding current in superconductor and dH/dz is the field
gradient produced by the PM. The magnetic moment of the
superconductor is m = AJcrV , where A is a constant de-
pending on the sample geometry, Jc is the critical current
density of the superconductor, and r is the radius of a shield-
ing current loop [18, 25]. This formulation indicates that
it is necessary to have r , Jc (which increase with increas-
ing the number of pinning centers in the superconductor),
and dH/dz as large as possible to acquire a high levitation
force. For this reason, this study focused on improving lev-
itation force density by means of the increasing of pinning
centers in the sample with adding of MP and changing of
the magnetic-field gradient of the PM.

The levitation force densities of the samples were mea-
sured for FC and ZFC regimes as shown in Figs. 3 and 4, re-
spectively. One can see from the figures that the LFD of the
samples enhanced with adding suitable amount of MP. It is
seen in figures that the MP added sample for x = 0.025 has
maximum LFD values. One can conclude that increasing of
the LFD with magnetic impurity up to x = 0.025 imply that
the nonsuperconducting region density which acts as flux
pinning centre in the sample increase [18]. Figures 3 and 4
display that the attractive force in FC regime is stronger than
in ZFC regime while the repulsive force in ZFC regime is
stronger than in FC regime consistent with the literature. The
effect of magnet geometry on the LFD was also investigated
in this study. The magnets which used as the magnetic-field
source have diameters of 8 mm, 9 mm and 10 mm. The PMs
have magnetic-field intensities on centre of the top surface
as 0.48 T, 0.59 T and 0.55 T, respectively. Because of the
magnetic-field profile of the magnets depends on its shape,
we used cylindrical PMs to keep the homogeneous variation
of the magnetic-field in the direction perpendicular to the
movement. Figure 5 displays the magnetic levitation force
density of pure Sm123 samples measured by using magnets
in different diameters. The LFD increases with increasing of
the magnet diameter as shown in this figure. It is seen from
the figure that the LFD reaches its maximum value when
diameter of the sample close to diameter of the PM. When
the PMs which have diameter of 9 mm and 10 mm are com-
pared each other, it is seen that although the magnetic-field
intensity on the surface of PM with d = 10 mm lower than
d = 9 mm, the LFD is higher for PM with d = 10 mm is
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Fig. 3 Levitation force
densities vs. the vertical
distance between the PM and
superconducting samples for
different adding ratios in FC
regime

Fig. 4 Levitation force
densities vs. the vertical
distance between the PM and
superconducting samples for
different adding ratios in ZFC
regime

higher than that of d = 9 mm. This implies that the diameter
of PM is effective on the magnetic flux density as well as the
magnetic-field intensity.

Comparing of Figs. 5 and 6 it is concluded that when
the magnetic impurity is added to sample, the maximum
value of LFD depends on the magnetic-field intensity of the
PM much more than the diameter of the PM, because the
flux pinning centers are increased by adding of the magnetic
powder.

The maximum attractive and repulsive force densities of
the samples are plotted in Fig. 7 as a function of MP con-
tent. One can see from this figure that both the repulsive and
attractive forces enhance with increasing of the MP adding
up to x = 0.025 and decrease for excess amount of MP. This

increase is attributed to the increasing of nonsuperconduct-
ing region density which acts as flux pinning centre in the
sample. The decreasing of LFD with excess amount of MP
is attributed to the excessive increasing of nonsuperconduct-
ing region density and so suppressing of superconductivity.

Figures 8 and 9 display the LFDs of MP added samples
for x = 0.000 and x = 0.025 versus B/d (magnetic-field in-
tensity/diameter of PM) ratio under FC and ZFC regimes,
respectively. As observed in Fig. 8, the increasing of B/d

ratio increases the maximum attractive force density of MP
added sample for x = 0.025. The maximum attractive force
density of the sample for x = 0.000 increased up to a maxi-
mum value and then saturated by increasing of the B/d ra-
tio. This means that the magnetic flux density which trapped
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Fig. 5 Levitation force
densities of pure Sm123 sample
vs. the vertical distance between
the PM and superconducting
samples for magnets with
different diameters

Fig. 6 Levitation force
densities of x = 0.025 added
sample measured by using
different magnets

in the sample for x = 0.000 is less than MP added sample for
x = 0.025. This is because the number of pinning centre of
the MP added sample is more than the pure sample and the
MP addition acts as pinning centre in the sample. In addi-
tion, it is shown in Fig. 9 that increasing of the B/d ratio in-
creases the maximum repulsive force density for x = 0.025.
This means that the screening current and bulk properties
of superconductor sample improved by adding of MP. The
repulsive force density of pure sample initially increased to
a maximum value and then decreased. This state represents
that the optimum flux gradient, which induces a screening
current in the sample, is possible when the B/d ratio is equal
to 0.060. It is considered that the additional increasing of
B/d ratio decrease the flux gradient in the sample, thus the

critical current density and the repulsive force density de-
crease.

4 Conclusion

In this study, we prepared the MP added (Sm123)0.75

(Sm211)0.25 samples for 0.000, 0.010, 0.015, 0.025 and
0.050 wt.% by using MPMG method. As different from the
literature, it is the first time that the effect of MP addition on
the magnetic levitation force of superconductor investigated.
It is seen that the LFD of the (Sm123)0.75(Sm211)0.25 super-
conductor increases with addition of the MP up to x = 0.025
MP content and decreases for excess amounts of MP. This
increase is attributed to the increasing of nonsuperconduct-
ing region density which acts as flux pinning centre in the
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Fig. 7 The maximum attractive force and maximum repulsive force
densities of the samples vs. content of the MP

Fig. 8 The maximum levitation force densities of two samples vs.
B/d ratio of the magnets for FC regime

sample. In this study the effect of magnet size on the LFD
was also investigated. The experimental results showed that
the optimum flux gradient which produces screening cur-
rent in the sample is possible when the B/d ratio is equal
to 0.060. As a result, it is thought that the results which are
obtained in this study can be useful for the fabricating pro-
cess of superconducting samples with larger MLF values,
and designing of superconducting magnets, flywheel energy
storage and maglev systems.
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Fig. 9 The maximum levitation force densities of two samples vs.
B/d ratio of the magnets for ZFC regime
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