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A comparative study for magnetic levitation force in Type-II superconductors

[brahim Karaca™'
ABSTRACT

Meissner Effect is, of course, an essential characteristic of a superconductor besides the zero resistivity
since the discovery by Meissner and Ochsenfeld in 1933. They showed by experiment that the magnetic
field inside a superconductor is always zero. This implies that we can think of a superconductor as being a
perfectly diamagnetic material. It is highly attractive for the technological applications of the type-II (High
temperature) superconductors as YBa2Cu307, Bi2Sr2Ca2Cu3010 and HgBa2Ca2Cu308. One important
property is the levitation force and its MagLev application. MagLev systems have become very important
in the transportation and other applications. These applications are ranging from in an energy efficient
prototype of a cryogen transfer line to in space energy storage systems. In this study, we compared that the
effect of magnetic levitation force BSCCO and YBCO superconductors. The results were showed that the
BSCCO superconductor’s family is very poor in case of the levitation force compared with the YBCO
superconductors. It may be attributed that the YBCO family superconductors have the high critical current
density which occurs in the case of the flux pinning and the high magnetization behavior.
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II Tip siiperiletkenlerde manyetik kaldirma kuvveti i¢cin karsilastirmal inceleme
0z

Meissner etkisi, 1933'te Meissner ve Ochsenfeld tarafindan kesfedildiginden beri sifir direncin yani sira
elbette bir siiperiletkenin 6nemli bir 6zelligidir. Deneylerle, bir siiper iletken i¢cindeki manyetik alanin
daima sifir oldugunu gosterdiler. Bu, siiper iletkeni miikemmel diamanyetik bir malzeme olarak
diisiinebilecegimizi ima eder. YBa;CuzO7, Bi2Sr2CaCusOi190 ve HgBaxCa,CuszOg gibi tip-1I (Yiksek
sicaklik) siiperiletkenleri teknolojik uygulamalari igin oldukga caziptir. Onemli bir &zellik levitation
kuvveti ve MaglLev uygulamasidir. Nakliye ve diger uygulamalarda Maglev sistemleri ¢ok énemli hale
gelmistir. Bu uygulamalar, kriyojen transfer hattinin enerji agisindan verimli bir prototipinden uzay enerji
depolama sistemlerine kadar degismektedir. Bu ¢alismada, BSCCO ve YBCO siiperiletkenlerinin manyetik
kaldirma kuvveti etkisini karsilastirdik. Sonuglar, BSCCO siiper iletken ailesinin YBCO siiper iletkenlerine
kiyasla levitasyon kuvvetinde ¢ok zayif oldugunu gosterdi. YBCO ailesindeki siiperiletkenlerin, aki
sabitlemesi ve yliksek miknatislanma davranist durumunda ortaya ¢ikan yiiksek kritik akim yogunluguna
sahip oldugu diisiiniiliir.
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1. INTRODUCTION

Superconductors differ from each other in terms of
their critical temperature (Tc) and magnetic field
(Hc), therefore, classified as Type-I and Type-II,
also they named as low and high-temperature
superconductors. The high purity lead, mercury,
and tin are examples of Type-I. YBCO and
BSCCO are examples of Type-II [1]-[3].
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Fig. 1: Superconductor type’s relation between the
magnetic field and temperature (a) Type-I and (b)
Type-II [4].

The superconducting properties originate from the
electrical resistance below the transition
temperature and the Meissner effect with an
applied magnetic field [5]. As well-known as, the
high-temperature superconductors with a vortex
state which originate the magnetic properties differ
from low-temperature superconductors. In this
state, magnetic field penetrates a flux tube into the
superconductor below the critical temperature.
The vortex state of a type Il superconductor in an
applied field Ha > Hcl, with normal cores
threading the bulk of the material. The lattice of
cores and associated vortices. The surface current
flowing around the periphery maintains the bulk
diamagnetism are shown flux line in Fig 2.
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Fig.2: The mixed state of a type II superconductor
in an applied field Hc1>Ha <Hc2. This modified
from Rose-Innes and Rhoderick (1978, p. 186).
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The magnetic field associated with each normal
core is spread over a region and each normal core
is surrounded by a vortex of circulating
supercurrents. As like Top seed and Melt quench
methods as solidification processes for producing
high-temperature superconductors are effective for
obtaining a high critical current (Jc). A
considerable magnetic field can be trapped by a
superconductor when it exhibits large flux pinning
forces [6]. The force-distance (permanent magnets
and superconductor) hysteresis loops during the
descending and ascending process expanded with
critical current density increases in BSCCO and
YBCO. The hysteresis curves strongly depend on
the size of grains and their connectivity in these
materials.

In this century, because the higher magnetic field
can be created with the high-temperature
superconductors, they have been an attractive
material for technological applications. To achieve
this purpose, many researchers investigate the
superconducting different materials physical
properties. One of them is the research of Wang
and et al. They investigated that the critical current
density and critical magnetic flux on the melt-
textured YBaCuO bulk superconductors. They
compare the levitation force over the NdFeB
guideway with that over a single cylindrical
NdFeB permanent magnet [7]. Based on the
energy cost of vortices a model that the flux
penetration makes possible the stable levitation of
a magnet over a flat superconducting disk was
suggested by Hellman [8]. Moon et al. [9] have
suggested a useful experimental setup which the
measurement of the forces on a permanent magnet
levitated above bulk superconductors properties.
One of them is magnetic levitation properties
which are important for different applications as
Maglev. Maglev systems have become very
important in the future life is generally based on
the superconductor technology ranging from in a
superconducting wind turbine generator [10], [11]
and a superconducting magnetic energy storage
(SMES) [12] to an Infra-Red (IR) sensor leads to
Earth Orbit Systems (EOS) [13]

In this study, it is represented that the differences
of the levitation force for two (BiPb) SrCaCuO and
YBaCuO superconductors using with the
handmade system at 77K.  The levitation
hysteresis has two different behaviors, one is the
repulsive and other is the attractive force. The aim
of this work is to obtain higher attractive force to
determine their certain application.
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2. EXPERIMENTAL PROCEDURE
2.1 Prepare (BiPb)SrCaCuQO Ceramics

The studied samples were prepared by weighing
appropriate amounts of high purity starting
powders of Bi203, PbO, SrCO3, CaO, and CuO
and then using these powders were produced with
Bi1.7Pb0.3Sr2Ca2Cu3010 nominal composition
by solid state reaction with 5 h grinds to obtain a
chemically homogeneous mixture [14]. The
samples were calcined at temperatures 700, °C to
purify the unexpected oxides and others with KSL-
1100X- Compact Muffle Furnace. After the
calculations, the resulting powders are mixed and
then pressed into a pellet under a pressure of 250
MPa atmospheric pressure. This pellet is placed
into a furnace at room temperature and sintered at
845°C in air for 130 h. Then it is directly taken to
room temperature. We named the samples as
BSCCO samples. The sintering process is depicted
in Fig. 1(a). After this sintering process pellet
regrinding and the powders at 250 MPa pressure
were pressed into cylindrical superconductor a
disk with a diameter of 14 mm and height of 3.72
mm. The BSCCO sample was placed into a
preheated furnace from 800 °C at a rate of 0.05
°C/min to 845 °C for 100 h annealed then directly
cooled to room temperature [15]. The heating
process is depicted in Fig.3.
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Fig 3: A schematic representation of the heat
treatment of the BSCCO growth process.

2.2. Prepare YBaCuO Ceramics

The appropriate amounts of Y203, BaCO3, and
CuO were mixed in the stoichiometric ratios of
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1:2:3 grounding for 2 h. The mixture was calcined
at 950°C for 10 h in the air in a KSL-1100X-
Compact Muffle Furnace with Programmable
Controller. After calcination, the powders were
grounded for 2.5 h. Then, the fine powders were
pressed into pellet form of 14 mm in diameter and
4 mm in thickness. The YBCO pellet was placed
in a preheated furnace at 1030 °C for 50 min, then
cooled to 980 °C at a rate of 2 °C/min and then
cooled to 930 °C at a rate of 0.02 °C/min. The
samples were then allowed to cool to room
temperature for 3 °C/min. Finally, the samples
were oxygen-annealed at 600 °C for 2 h [16]. A
schematic representation of the heat treatment is
shown in Fig.4.

Sintering Process 3|°c/min

“C/min
Annealing Process

Fig 4: A schematic representation of the heat
treatment of the YBCO growth process.

3. RESULTS AND DISCUSSION

If a magnet is lowered towards a superconductor,
the movement generates currents and therefore a
magnetic field. Type-II superconductors have
fundamentally hysteretic behavior which depicted
to their having a vortex state. Because in the vortex
state (or Shubnikov phase) [17] an applied external
field penetration into the body of the
superconductor generates the flux line, the
superconductor behaves as a quasi-permanent
magnet. In other words, for magnetic fields in the
vortex state (Hcl >Ha< Hc2), the superconductor
is not perfectly diamagnetic. Definitely, a partial
penetration of magnetic lines occurs and the field
penetrates into the bulk in association with

1295



i.Karaca /A comparative study for magnetic levitation force in Type-Il superconductors

supercurrents vortices that surround a normal core.
They carry a quantum of flux (¢0 =h/2e =2.07x10-
15 Wb) [18]. On the contrary of the Type-I
superconductors that the repulsive force reaches its
maximum possible value, the repulsive force
reduces because of this penetration. If the flux
doesn’t move, a desirable mechanical stability is
realized. Thus, the magnetic flux lines are pinned
in the structure of the superconducting material.
The large force attributes commonly on the quality
of the sample and capability of the sample which
is the expulsion of the applied field. According to
magnetic force, this is indicated that the greater the
repulsion, the higher the critical current (J¢) and
good connectivity through the grains without
weak-links. [19], [20]. So grain size and
crystallographic orientation are well done on the
structure of bulk superconductor [21].

Magnetic properties were measured by using the
magnetic levitation force-distance (between HTS
and PM) system at 77 K with Nd-Fe-B magnet in
Fig.5. For the zero-field-cooled (ZFC) process in
the applied magnetic field, the repulsive and
attractive force data is calculated at zero separation
distance. They were measured using a homemade
levitation measuring device, given in details our
previous work [22]. The repelling force effects on
the magnet (PM) producing a change in its weight.
The change in the magnet weight is directly
proportional to the magnetic force which
originated from superconductor behavior in this
handmade system. [23], [24]. The force can be
written as F = m (dH/dx), where m is the magnetic
moment related with magnetization M and the
volume of the superconductor and dH/dx is a field
gradient produced by the magnet [24]. Due to the
magnetic stress between a trapped field in the
sample and the permanent magnet, an attractive
force occurs when the sample is moved away from
the magnet and a repulsive force occurs when the
sample is moved down to the magnet. The
calculated data differences between repulsive and
attractive force have described the irreversible
behavior. This indicates that the occurrence of the
basic hysteresis loop. The result can be attributed
to the amount of pinning centers increase of the
trapped magnetic field inside the samples. In
addition, levitation force is a function of the grain
size and crystallographic orientation [25], [26].
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Fig. 5. The magnetic levitation force-distance
between HTS and PM, hysteresis loop
measurement system schematic view.
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Fig.6. (a) BiSrCaCuO (b) YBaCuO descending

and ascending process superconductors at 77 K in

ZFC regime.

Fig.6 shows the (a) BiSrCaCuO (b) YBaCuO
superconductor’s typical hysteresis loops at 77 K
in ZFC regime for the axial levitation force
between  the  permanent magnet  and
superconductors. From the Fig.6.a, BSCCO and
YBCO are the two different materials which have
completely unlike superconducting properties as
critical transition temperature are 110 K (crystal
structure is Tetragonal) and 92 K (crystal structure
is  Orthorhombic) [27], respectively. This
difference was shown from the changing of
levitation force versus vertical distance data.
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During the descending process, calculated force
data are a completely positive sign and indicate
that a repulsive force occurred between the PM
and superconductors. The low repulsive force of
superconductor materials can be attributed to
intrinsic problems of a superconductor as like the
grain boundary weak-link problem and the weak
flux pinning problem [25].
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Fig. 7 BiSrCaCuO and YBaCuO superconductor’s
ascending process at77 K.

The BiSrCaCuO and YBaCuO superconductor’s
ascending process at77 K was seen in Fig.7. This
indicates that the during the ascending process
attractive force which is originated from the flux
behavior of the superconductors in the vortex state
[28]. The differing of the attractive forces from the
BSCCO to YBCO samples is large enough to say
to BSCCO sample has less force, magnetization,
critical current and grain size than YBCO sample
in ZFC regime during the first loop [29]. BSCCO
sample has a positive sign of the weakly attractive
force [30]. This indicates that the positive
magnetization according to the Beans critical state
model [31]. But YBCO sample has either positive
or negative sign of the force which is attributed
that the positive and negative magnetization
produced by ascending process in this state. This
is clearly related to the change of the orientation
and size of the grains in the YBCO sample. This
yields to higher critical current and grain
connectivity. Thus the higher flux pinning is
occurring as expected from YBCO sample [21],
[32].

4. CONCLUSION

As a result, the levitation force improvement can
be achieved by using or producing Y-based
superconductor which has short annealing time
with oxygen atmosphere instead of the Bi-based
superconductor which has long annealing time.
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Because of the large attractive and hysteresis,
YBCO sample yields to higher critical current and
grain connectivity than BSCCO sample. The
results are needed to be a detailed investigation in
view of the attractive force enhancement and use
of the technological application as Maglev
vehicles.

REFERENCES

[1] M. Tinkham, (1996). Introduction to
Superconductivity, Second Edition. New
York, NY: McGraw-Hill. ISBN
0486435032.

[2] A. A. Abrikosov, "Type II superconductors
and the vortex lattice", Nobel Lecture,
December 8, 2003.

[3] L. A. Parinov, Microstructure and Properties
of High-Temperature = Superconductors,
Berlin, Germany: Springer-Verlag, 2012.

[4] P. Seidel, Applied Superconductivity:
Handbook on Devices and Applications,
John Wiley & Sons, 2015.

[5] W. Meissner, R. Ochsenfeld, (1933)."Ein
neuer Effekt bei Eintritt der

Supraleitfahigkeit", Naturwissenschaften,
21(44) 787-788.

[6] H. Fujimoto, H. Kamijo, Superconducting
bulk magnets for magnetic levitation
systems, Physica C 335 2000 83-86.

[7] J.S. Wang, S.Y. Wang, Z.Y. Ren, M. Zhu,
H. Jiang, Q.X. Tang, Levitation force of a
YBaCuO bulk high-temperature
superconductor over a NdFeB guideway,

IEEE Transactions on Applied
Superconductivity, Volume: 11, Issue: 1,
(2001)

[8] F. Hellman, E. M. Gyorgy, D. W. Johnson,
Jr., H. M. O’Bryan, and R. C. Sherwood, J.
Appl.Phys. 63, 477 (1988)

[9] F. C. Moon, M. M. Yanoviak, and R. Raj,
Appl. Phys. Lett. 52, 1534 (1988).

[10] F. Diaz-Gonzélez, A. Sumper, O. Gomis-
Bellmunt, R. Villafafila-Robles, A review of
energy storage technologies for wind power
applications, Renewable and Sustainable
Energy Reviews 16 (2012) 2154-2171.

[11] P.N. Barnes, M.D. Sumption, G.L. Rhoads,
Review  of  high  power  density

1297



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Sakarya Universitesi Fen Bilimleri Enstitiisii Dergisi, 21 (6), 1293~1299, 2017

i.Karaca /A comparative study for magnetic levitation force in Type-Il superconductors

superconducting generators: Present state
and prospects for incorporating YBCO
windings, Cryogenics 45 (2005) 670—-686.

S.A. Pullano, A.S. Fiorillo, A. Morandi, P.
L. Ribani, Development of an innovative
superconducting magnetic energy storage
system, 2015 AEIT International Annual
Conference (AEIT), 14-16 Oct. 2015, p. 1-3,
DOI:10.1109/AEIT.2015.7415280.

S. Raouf, Potential acrospace applications of
high-temperature superconductors,
Hampton Univ., 1994 NASA-HU American
Society for Engineering Education (ASEE)
Summer Faculty Fellowship Program; pp.
104.

W. Wong-Ng, L. P. Cook, A. Kearsley, A.
Roosen, Roles of melting equilibria in the
processing of high Tc superconductors in the
BSCCO system, Physica C:
Superconductivity, Volume 335, Issues 14,
June 2000, Pages 120—-123.

J.S. Choi, S.Y. Oh, B.H. Jun, H.S. Kim, H.L.
Kim, O.B. Hyun, C.J. Kim, Effects of heat-
treatment on critical current of BSCCO-
2212 superconductor,  Physica  C:
Superconductivity and its Applications,
Volumes 463-465, 1 October 2007, Pages
452-454,

S. Kutuk, S. Bolat, C. Terzioglu, S.P.
Altintas, An investigation of
magnetoresistivity ~ properties of a
Y3Ba5Cu80y bulk superconductor, Journal
of Alloys and Compounds 650 (2015)
159¢e164.

J. N. Rjabinin, L. W. Shubnikow, (1935).
"Magnetic Properties and Critical Currents
of Supra-conducting Alloys". Nature 135
(3415): 581.

M. Thinkam, Introduction to
Superconductivity (Mc Graw-Hill, New
York, 1996), 2 nd ed., pp. 2-9, P. G. de
Gennes, Superconductivity of metals and
alloys (Addison-Wesley, 1989), pp.3-12.

A.J. Batista-Leyva, R. Cobas, E. Estevez-
Rams, M.T.D. Orlando, C. Noda, E.
Altshuler, Hysteresis of the critical current
density in YBCO, HBCCO and BSCCO
superconducting polycrystals: a comparative
study, Physica C 331 2000 57-66.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

E. Varguez-Villanueva, V. Rodriguez-
Zermeno, and V. Sosa, Calculation of
vertical force between finite, cylindrical
magnets and superconductors, REVISTA
MEXICANA DE FISICA 54 (4) ( 2008)
293-298.

E Yanmaz, S Balci, T Kiiclikdmeroglu
(2002). Magnetic properties of melt textured
YBa2Cu307-06 with TiO2 dopant, Materials
Letters Volume 54, Issues 2-3, May 2002,
Pages 191-199.

Ibrahim Karaca (2012). Measurement of
Levitation Forces in High-Temperature
Superconductors, Superconductors -
Properties, Technology, and Applications,
Dr. Yury Grigorashvili (Ed.), InTech, DOI:
10.5772/38131.

A. Benlhachemi, S. Golec and J.R. Gavarri,
(1993). Comparative investigation of
intrinsic  Josephson contacts in HTC
superconductors by modulated microwave
absorption measurements, Physica C:
Superconductivity, Volume 209, Issue 4, 1
May 1993, Pages 353-361.

Karaca, 1. (2009). Characterization of a
Cylindrical Superconductor Disk Prepared
by the Wet Technique with Microstructure
Analysis and Levitation Force
Measurements Using a Permanent Magnet,
Chinese Journal of Physics, Vol. 47, No.5,
pp. 690-696.

M. Murakami, (1993). Novel application of
high Tc bulk superconductors. Applied
Superconductivity, 1(7-9), 1157-
1173.10.1016/0964-1807 (93)90424-7Z.

S. Celebi, 1. Karaca, A. Oztiirk, and S. Nezir.
J. Alloys and Compounds. 268,256-
260(1998).

Saxena Ajay Kumar, High-Temperature
Superconductors, Springer Series in
Materials Science, 2012, p.43-47.

ILA. Rudnev and Y.S. Ermolaev,
Suppression of magnetic levitation force in
melt-textured YBa2Cu307-x
superconductors by a transverse AC
magnetic field, 8th European Conference on
Applied Superconductivity (EUCAS 2007)
IOP Publishing, Journal of Physics:
Conference Series 97 (2008) 012006
doi:10.1088/1742-6596/97/1/012006.

1298



[29]

[30]

[31]

[32]

[30]

[31]

[32]

Sakarya Universitesi Fen Bilimleri Enstitiisii Dergisi, 21 (6), 1293~1299, 2017

i.Karaca /A comparative study for magnetic levitation force in Type-Il superconductors

K. B. Ma, Y. V. Postrekhin, and W. K. Chu,
Superconductor, and magnet levitation
devices, Review of Scientific Instruments,
Volume 74, Number 12 December 2003,

Pei-Jun Zhuo, Zhao-Xia Zhang, and Xiao-
Fan Gou, Chaotic Motion of a Magnet
Levitated Over a Superconductor, IEEE
Transactions On Applied Superconductivity,
Vol. 26, No. 2, March 2016.

C. P. Bean, (1964). The magnetization of
high-field superconductors, Rev. Mod.
Phys., Vol.36, No. 1, pp. 31-39.

S. Jin, T. H. Tiefel, R. C. Sherwood, M. E.
Davis, R. B. van Dover, G. W. Kammlott, R.
A. Fastnacht and H. D. Keith, High critical
currents in Y-Ba-Cu-O superconductors,
(1988) Applied Physics Letters, 52 (24), pp.
2074-2076.

Pei-Jun Zhuo, Zhao-Xia Zhang, and Xiao-
Fan Gou, Chaotic Motion of a Magnet
Levitated Over a Superconductor, IEEE
Transactions On Applied Superconductivity,
Vol. 26, No. 2, March 2016.

C. P. Bean, (1964). The magnetization of
high-field superconductors, Rev. Mod.
Phys., Vol.36, No. 1, pp. 31-39.

S. Jin, T. H. Tiefel, R. C. Sherwood, M. E.
Davis, R. B. van Dover, G. W. Kammlott, R.
A. Fastnacht and H. D. Keith, High critical
currents in Y-Ba-Cu-O superconductors,
(1988) Applied Physics Letters, 52 (24), pp.
2074-2076.

1299



