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To study the influence of thickness on the magnetic properties of ReBCO (Re =Y, Gd, Sm, Nd, etc.) bulk supercon-
ductors, a single domain gadolinium barium copper oxide (GdBCO) bulk superconductor fabricated by the Re + 011 top
seeded infiltration growth (Re + 011 TSIG) method was continuously sliced along the bottom to obtain samples of different
thickness. The levitation force and attractive force of these samples were tested at 77 K in the zero-field-cooled (ZFC)
state. It is found that as the sample thickness decreases, the levitation force decreases gradually whereas the attractive
force increases. This is related to the varied ability to resist the penetration of magnetic field occasioned by varying sample
thickness, which are deeply revealed by combining with the characteristics of the non-ideal type-II superconductor. Further,
the levitation force exhibits a trend of slow initial change followed by rapid change, which may be attributed to the growth
of the sample. Measurement of the trapped field shows that a similar distribution of trapped field at the top and bottom
surfaces can be achieved by removing some materials from the bottom of the bulk. These results provide a reference for
meeting the actual requirements of ReBCO bulks of different thicknesses and greatly contribute to practical designs and

applications.
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1. Introduction

High-temperature bulk superconductors (HTBSs) have
been proven to play an important role in many applications
such as superconducting maglev systems, 2! flywheels, 34!
generators,! and energy storage systems.!®’! Single domain
ReBCO (Re =Y, Gd, Sm, Nd, etc.) bulk superconductors
have attracted considerable attention owing to their higher
critical current density, larger levitation force, and stronger
trapped field, which are key properties of HTBSs. % Typi-
cally, the levitation force is determined by the radial magnetic
field of the permanent magnet and the induced current density
of the HTBS as follows: !0l

dH

FA&V(dx>, (1)

where A is a constant related to the geometric factor of the
sample, J. is the critical current density, V' is the volume of the
bulk superconductor, and dH /dx is the gradient of the radial
magnetic field. Larger bulks are crucial for enhancing levi-
tation force properties. Similarly, the trapped field is also an
important parameter for evaluating the properties of supercon-
ductors, and the relation is expressed as

By =CJ.r, 2

where C is a constant relative to the aspect ratio (h/d) of the
sample.['!] Evidently, the levitation force and trapped field are
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both related with J. as well as the dimension of the supercon-
ductor. Therefore, many studies are devoted to improving J.
of bulks or fabricating larger bulks to improve performance.
Inoue et al. introduced fullerene (Cgp) as an effective flux pin-
ning center in YBCO superconductors; the J. and the trapped
field of the sample were enhanced with the addition of Cgy,
and the sample with 1.0 wt% Cgg addition exhibited the high-
est J.. value of approximately 55000 A/cm?.1?! Sakai et al. ob-
tained large GABCO bulk superconductors with a diameter of
140 mm; the maximum trapped field was 3.66 T (65 K, 4 T),
and the levitation force density was twice the value of a 46-
mm-diameter bulk.[!3] Regarding the increase in sample thick-
ness, previous studies showed that the performance is greatly
improved by stacking bulks.[!*13] In Ref. [16], Sakai et al.
reported that both the trapped field and levitation force prop-
erties were considerably enhanced when the sample thickness
was increased by stacking bulks, specifically at low tempera-
ture. In Ref. [17], Vakaliuk et al. mentioned that commercial
YBCO assembled as a double-sample stack trapped a reliable
and reproducible magnetic field of 9.5 T at 50 K and trapped
field of 16.85 T at 30 K, which is comparable to the record re-
ported. Durrell er al. found that the highest trapped field cur-
rently peaks at 17.6 T (26 K) in a magnetizing field of 17.8 T,
which is produced by Ag-doped GABCO stacking samples. ']

However, when the sample thickness is decreased, the ef-
fects of thickness on the properties for samples fabricated by
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different methods may be different. For instance, Leblond
et al. fabricated two types of YBCO bulk superconductors
with various Y,BaCuOs components (Y1 5 and Y g) in diam-
eter of 20 mm and thickness of 10 mm using the top seeded
melt growth (TSMG) method.!'”! Their levitation force ini-
tially remains constant with the thickness decreasing and then
reduced monotonously at the thicknesses of 6 mm and 8 mm,
respectively. The variance in critical thickness is related to
the Y,BaCuOs amount. Wang et al. observed that the lev-
itation force of the YBCO bulk superconductor prepared by
the sinter forging process also tends to remain constant first
and then reduces as the thickness decreases, while the criti-
cal thickness is 5 mm. This indicates that the sample fabri-
cation method may influence the critical thickness.??! Shi er
al. found that the levitation force of single domain YBCO bulk
superconductor fabricated by the TSMG method decreases lin-
early with the decreasing thickness, which may be attributed
to the small size of the magnet employed in the study.?!]
Kiitiik ef al. found that the levitation force density of YBCO
bulks fabricated using the flame-quench-melt-growth method
improves with the decrease of sample thickness, which is as-
sociated with a significant amount of precipitated phase at
the bottom of the sample.m] In Ref. [23], Kiitiik et al. dis-
covered that with the thickness decrease, the maximum levi-
tation force of the polycrystalline YBCO bulk superconduc-
tors fabricated by two varying methods exhibit two distinct
trends: one increases initially and then decreases, whereas the
other increases monotonously, which is because various fab-
rication methods lead to the YBayCuzO7_, superconducting
phase formation at different locations. In Ref. [24], Eisterer et
al. demonstrated that a nonlinear relationship exists between
the trapped field and sample thickness after reducing the sam-
ple thickness by removing the top layers. This is different from
the monotone reduction findings in Refs. [25,26], in which the
thickness is decreased by bottom slicing. This is due to the
macroscopic barriers, including large cracks and badly con-
nected grains in the top layers’ removal, hindering the super-
current flow and directly influencing the trapped field distribu-
tion at the top of the sample. In conclusion, the effect of the
thickness of bulk superconductor on the superconducting mag-
netic properties is closely related to the fabrication process of
the bulk and many other factors.

The Re + 011 top seeded infiltration growth (Re 4011
TSIG) method,?”) being an improved TSIG method, is widely
used in the preparation process of ReBCO bulk superconduc-
tors. However, for this method, the effect of sample thick-
ness on the magnetic properties has not been evaluated hith-
erto. Therefore, this paper reports the relationship between
the sample thickness and the magnetic properties (levitation
force, attractive force, trapped field) for bulks fabricated by
this method. The results provide a reference for the applica-

tion with requirements on the sample thickness.

2. Experimental procedure
2.1. Sample

A single-domain GdBCO bulk superconductor with a di-
ameter of 30 mm and thickness of 10 mm fabricated by the
Re + 011 TSIG method was selected in this work. The com-
mercial BaCO3; and CuO powders were uniformly mixed in a
molar ratio of 1: 1 and then thrice sintered at 910 °C to obtain
the black precursor powders of BaCuO, (REO11). The mix-
ture comprising Gd,O3 and REOI1 (molar ratio 1:1.2) was
used as the solid phase powder, whereas the mixture com-
prising Gd;0O3, REO11, and CuO (molar ratio 1:10:6) was
used as the liquid phase powder. The solid phase powder was
pressed into a cylindrical solid phase pellet with a diameter
of 30 mm and height of 10 mm, and the liquid phase pellet
with a diameter of 40 mm and height of 12 mm was simi-
larly pressed. Moreover, 5-g Yb,O3 powder was pressed into
the pellet as the liquid phase support, which was pressed to-
gether with the liquid phase. Then, the solid phase pellet, lig-
uid phase pellet, liquid support pellet, and several symmetri-
cally arranged MgO single crystals were laid coaxially on the
Al,O3 plate. A NdBCO single crystal was placed in the center
of the top surface of the solid phase pellet with its ab plane
parallel to the surface. Finally, the assembled samples were
put into a customized furnace with optimized temperature gra-
dient to form the single domain GABCO bulk. Oxygenation
treatment was then conducted to produce the finished super-
conductor. The details of the fabrication method have been
described elsewhere. [?8]

Figure 1(a) shows the top view of the GABCO bulk su-
perconductor. As illustrated, the sample exhibited epitaxial
growth from the seed to the whole surface, indicating that
the sample is of typical single domain morphology.*! A di-
amond cutting machine was used to continuously slice 3 mm,
2 mm, and 2 mm from the bottom of the sample, as indicated
in Fig. 1(b). After layer-by-layer slicing, a group of specimens
with thicknesses of 7 mm, 5 mm, and 3 mm were obtained. It
should be noted that the bottom of the specimen was polished
prior to each slice to obtain a flat surface to facilitate accurate

measurement of thickness and properties.

(b)

(a)

Slicing

-—

1IN

Fig. 1. Top view morphology of the GdABCO bulk superconductor and
a schematic illustration of slicing: (a) top-surface morphology of the
sample, (b) illustration of sample slicing from the bottom upward.
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2.2. Measurement of levitation force and trapped field

The levitation force was measured using a novel self-
designed 3D measurement system>% at 77 K liquid nitro-
gen temperature. A cylindrical NdFeB magnet (@ = 30 mm,
B =0.5T) was used to test the levitation force—distance curve
in the zero-field-cooled (ZFC) state through the descending
and ascending processes. In the course of testing, the Nd-
FeB magnet and GdBCO superconductor remain axisymmet-
ric, with the closest distance between them being 0.5 mm. For
the trapped field measurement, the samples were magnetized
using an electromagnet as a source of uniform magnetic field
in the field-cooled (FC) state with an applied field of 1 T. Next,
the trapped field was measured using Hall probes located at
0.5 mm above the sample surface.

3. Results and discussion

Figure 2 shows the levitation force curves of samples with
thicknesses (/) of 10 mm, 7 mm, 5 mm, and 3 mm. The levita-
tion force varies for samples of various thicknesses. The maxi-
mum levitation force corresponds to the 10-mm-thick unsliced
sample, whereas the minimum corresponds to the thinnest
sample (3 mm thick). Furthermore, as the thickness decreases,
the slope of the curve gradually eases; it also presents a left-
ward trend, which implies that decreases in sample thickness
result in the diminution of levitation force and stiffness.

60 —a—h =10 mm
—o— h =7 mm
—— h =5 mm
—v—h=3 mm
Zero-field-cooled

at 77 K

40+

Levitation force F' (N)

0 10 20 30
Distance Z (mm)

Fig. 2. Levitation force of samples with varying thicknesses vs the dis-
tance between the permanent magnet and GdBCO bulk superconductor.

To demonstrate the effect of sample thickness on the lev-
itation force, the maximum levitation force (Fy,¢) values were
collected and plotted against the sample thickness, as shown
in Fig. 3. Evidently, the levitation force decreases with the
thinning of sample thickness; it exhibits a trend of gradual de-
crease initially and rapid decrease later. When the thickness is
reduced from 10 mm to 7 mm, Fp decreases by 3.2%; when
the thickness is reduced from 7 mm to 5 mm and from 5 mm
to 3 mm, Fpr decreases by 10.53% and 27.4%, respectively.
In addition, the hysteresis behavior*!! becomes more evident
with the decrease in thickness (see Fig. 2). As the permanent

magnet moves away from the bulk superconductor (during the
ascending process), the F—Z curve changes from a relatively
gradual trend to an obvious deep valley shape, the tip of which
corresponds to the maximum attractive force (Fy,p). As illus-
trated in Fig. 3, when the sample thickness is 10 mm, Fj, is
2.47 N; when the thickness is reduced to 7 mm and 5 mm,
Fiaf increases to 2.99 N and 4.88 N, respectively. Moreover,
when the sample thickness is 3 mm, Fy,¢ reaches 7.43 N. This
indicates that a thinner sample has less levitation force and
greater attractive force, i.e., as the sample thickness decreases,
the levitation force decreases gradually whereas the attractive
force increases. Table 1 shows the Fy,;r and Fp,,¢ values of sam-
ples with varying thicknesses and the corresponding distance
between the permanent magnet and bulk superconductor.
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Fig. 3. Maximum levitation force Fy,f and the maximum attractive force
Fhar versus the sample thickness.

Table 1. The F¢ and F,¢ of samples with various thicknesses and
the corresponding distance between the permanent magnet and GdBCO
superconductor.

Thickness Fur (N) Distance Four (ON) Distance
h (mm) Zpyf (mm) Znat (mm)
10 61.32 0.5 2.47 19.7
7 59.28 0.5 2.99 18.3
5 55.48 0.5 4.88 15.5
44.50 0.5 7.43 11.55

The variation of levitation force with sample thickness
has been investigated by several groups. Qin et al.’? and
Algadi et al.3*! calculated and found that the levitation force
of superconductors unchanged first and then reduced with the
decrease of sample thickness. Anton&ik et al.’*! discovered
that the levitation force of the YBCO bulk superconductor fab-
ricated by the TSMG method shows a similar change law to
reference.[32:33] In this literature, the levitation force decreases
slowly first and then rapidly when the sample thickness de-
creases from 10 mm to 2 mm, which is consistent with our
results. However, the levitation force remains constant with
the thickness from 18 mm to 10 mm, which is not reflected in
our results due to the initial thickness of our sample being very
small, only 10 mm.

It is well known that superconductors have two funda-
mental characteristics: zero resistance and perfect diamag-
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netism. Depending on the critical magnetic field, it can be di-
vided into two types, one called the type-I superconductor and
the other the type-II superconductor. In this work, the single
domain GdBCO bulk superconductor is a non-ideal type-1II su-
perconductor. When the bulk is in a mixed state, the magnetic
flux penetrates into the superconductor in quantized form; 3]
at this time, the bulk superconductor presents incomplete dia-
magnetism. The diamagnetic ability of a superconductor, i.e.,
the ability to resist the penetration of a magnetic field, is asso-
ciated with the total maximum current the superconductor can
carry. The greater the total maximum current, the stronger the
ability of a superconductor to resist the magnetic field. The
total maximum current (I« ) that a superconductor can carry
is expressed as

Inax = Jth; €))

where J. represents the critical current density of the supercon-
ductor, R and A are the radius and the thickness of the super-
conductor, respectively.3%] The corresponding schematic dia-
gram of formula (3) is shown in Fig. 4. For the GdABCO super-
conductors with various thicknesses, the J. and R are the same,
thus the ability to resist the magnetic field penetration closely
depends on its thickness. The thicker the bulk, the larger the
maximum current I,y it can carry, which means the stronger
ability to resist the penetration of magnetic field. Conversely,
the thinner the bulk superconductor, the smaller the maximum
current it can withstand, and the lesser the ability to resist mag-
netic field penetration.

SeEEESESEEE N

R_77
77
__

Superconductor
1

L

Induced current

Fig. 4. Distributions of the total maximum current the sample can carry.

When the permanent magnet approaches the bulk super-
conductor (during the descending process), as the external
magnetic field increases, the flux lines gradually penetrate into
the sample. As mentioned above, the thinner sample has the
weaker ability to resist the magnetic field penetration, so there
are more flux lines penetrating into the sample. This is demon-
strated by a schematic diagram presented in Figs. 5(a) and
5(b), showing the distribution of magnetic field in the sam-
ple when the permanent magnet is close to the samples with
different thicknesses. Clearly, the thinner sample is accompa-
nied by more flux lines passing through. Therefore, a smaller

levitation force is obtained in the ZFC state. In contrast, the
thicker sample has the stronger ability to resist the penetration
of magnetic field, and the fewer flux lines penetrate into the
sample, resulting in a greater levitation force.

When the permanent magnet moves away from the bulk
superconductor (during the ascending process), the external
magnetic field decreases gradually, resulting in the decrease
of the magnetic flux acting on the superconductor. Conse-
quently, the induced circulation generated in the superconduc-
tor is opposite to the original direction. Therefore, the levi-
tation force decreases gradually. However, owing to the flux
pinning ability of the non-ideal type-1I superconductor, ") part
of the flux lines originally penetrating into the superconductor
were pinned, so that the superconductor has a trapped field
distribution in the same direction with the external magnetic
field. Therefore, when the distance between the two reaches
a certain value, the force is called the attractive force.*®! Fig-
ures 5(c) and 5(d) present the trapped field distribution inside
the sample when the permanent magnet is away from the sam-
ple (Zar is the position at which Fy,¢ occurs). For the thinner
sample, more flux lines penetrate into it, and the correspond-
ing trapped field is also stronger, resulting in a higher attrac-
tive force. Moreover, the attractive force of the thinner sample
reaches the Fir earlier, as shown in Fig. 2 and Table 1, which
is because the induced current of the thinner sample is more
easily saturated in the reverse direction during the ascending
process. Here, the distribution of magnetic field in the sample
is simplified for illustrative purposes and is far more complex
in reality. Furthermore, the above results are obtained under
the assumption that J; is uniformly distributed and the mate-
rial is of homogeneity.

(a) (b)
—
PM
. PM

4 maf
/
Fig. 5. Schematic diagram of magnetic field and trapped field distribu-
tion in the samples with different thicknesses: (a) and (b) the magnetic

field distribution during the descending process, (c) and (d) the trapped
field distribution during the ascending process.

(c)

The trapped field profiles of samples with various thick-
nesses were measured using a Hall probe positioned 0.5 mm
above the surface of the sample with a 30 mm x 30 mm
scanned area after the samples were magnetized in the FC
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state. Figure 6 shows the three-dimensional trapped field dis-
tribution at the top and bottom of the samples. As can be seen,
the trapped field of each sample forms a conical envelope with
a single peak morphology, which implies that slicing did not
affect the single domain of the sample and no macro-cracks
or imperfections appeared in the process.*®! To better under-
stand the relationship between the trapped field and the sample
thickness, the data of the maximum trapped field (Bpax) and
sample thickness in Fig. 6 were collected and redrawn in Fig. 7
(note that the trapped field at the bottom is the absolute value
of that in Fig. 6). As can be seen, the trapped field at the top

surface exhibits a gradually decreasing trend as the thickness
decreases. This is also related to the ability to resist magnetic
field penetration based on the different sample thicknesses. As
mentioned above, the thinner the sample is, the easier it is for
the magnetic field to penetrate into the sample and, likewise,
the easier to escape from the sample. Now, samples of various
thicknesses are magnetized for a certain period in the FC state;
once the applied magnetic field is removed, the flux lines pen-
etrating into the thinner sample can easily escape, resulting in

less magnetic flux trapped by the sample and a weaker trapped
field.
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Fig. 6. Trapped field distributions at the top and bottom surfaces of samples with different thicknesses at 77 K in the FC state, B,pp = 1 T: (a)
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Fig. 7. Maximum trapped field Bpax as a function of the sample thickness.

However, the trapped field at the bottom surface presents
a different distribution that initially increases (from thickness
of 10 mm to 7 mm) and then decreases (from 7 mm to 3 mm).
This behavior is occasioned by the poor growth of the sample.
Figure 8 displays the macroscopic morphology cross section
at the bottom of the 10-mm and 7-mm-thick samples. Before
slicing, excessive Gd-211 and inhomogeneous distribution of
rich Ba and Cu liquid phases accumulate in large quantities
(“green phase” marked in red lines), indicating that the un-
grown region was larger, as opposed to a smaller amount of
associated Gd-123 superconducting phase. Therefore, at the

beginning of slicing, the levitation force decreased slowly as

discussed above. However, after slicing, the un-grown region
shrunk while the as-grown area expanded, leading to an in-
crease in J; and inevitably resulting in a higher distribution
of trapped field.[*") Moreover, when the sample thickness was
decreased from 7 mm to 5 mm or less, more Gd-123 supercon-

ducting phase was removed, and the trapped field underwent a
gradual natural decline. This is the reason why the levitation

force decreases rapidly with the decrease of thickness in the
late slicing.

@

As-grown region

5 mm

Fig. 8. Macro-morphology cross section of samples with different
thicknesses: (a) # = 10 mm, (b) 2 =7 mm.

When the sample thickness is reduced to 5 mm (i.e., 0.5
of the total height), the trapped fields at the top and bottom
surfaces are approximately equal. This is consistent with the
finding of 0.44 in Ref. [34], in which the trapped fields of
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both the top and bottom surfaces are close at a height of 8 mm
by bottom-slicing a sample with an original height of 18 mm.
This implies that the same distribution of trapped field can be
achieved at the top and bottom surfaces by bottom slicing, i.e.,
a distribution of homogeneous trapped field can be obtained
by removing material of a certain height from bottom of the
bulk. This method can be used to produce a uniform mag-
netic field similar to that of a permanent magnet, and thus has
considerable advantages for practical applications.

4. Conclusions

In this study, thickness is taken as the main factor that
affects magnetic properties of single domain GdBCO bulk su-
perconductors by the Re 4+ 011 TSIG method, and the relation-
ship between the thickness and the magnetic properties (levi-
tation force, attractive force, trapped field) are described in de-
tail. The results show that as the sample thickness decreases,
the levitation force decreases gradually whereas the attractive
force increases. This may be due to the different ability to re-
sist the penetration of magnetic field, which is dependent on
the different thickness of the sample. In the ZFC state, the
thinner the sample, the weaker its ability to resist the penetra-
tion of magnetic field. Therefore, the more flux lines would
penetrate into the sample during the descending process, lead-
ing to the decrease of its levitation force; while the more flux
lines would be pinned by the sample at the same time, leading
to the increase of attractive force during the ascending pro-
cess. Moreover, the levitation force increases slowly first and
then rapidly, which may be related to the growth of the sample.
Measurement of the trapped field reveals that a similar distri-
bution of trapped field at the top and bottom surfaces can be
achieved by removing some materials from the bottom of the
bulk, which is important for practical applications. These re-
sults provide a reference for meeting the actual requirements
of samples of different thickness and are helpful for under-
standing self-stable levitation characteristics of ReBCO bulks.

Acknowledgements

Project supported by the National Natural Science Foun-
dation of China (Grant No. 52072229), the Key-grant Project
of the Ministry of Education of China (Grant No. 311033),
the Fundamental Research Funds for the Central Universi-
ties (Grant No. GK201706001), and the Teaching Reform and
Innovation Project of Higher Education in Shanxi Province,
China (Grant No. J2021719).

References

[1] Ye C Q, Ma G T, Deng Z G, Liu K and Wang J S 2017 IEEE Trans.
Appl. Supercond. 27 3602208

[2] Murakami M 1993 Appl. Supercond. 1 1157

[3]

[4]
[5]

[6]
[7]

[8]

[9]
[10]

[11]
[12]

[13]
[14]
[15]
(16]
(17]

(18]

[19]
[20]
[21]
[22]
(23]

[24]

[25]
[26]
[27]
(28]
[29]
[30]
(31]
(32]
(33]
[34]
[35]
[36]
[37]
[38]

[39]
[40]

027401-6

Araki S, Nagashima K, Seino H, Miyazaki Y, Takeuchi K, Murakami
M, Suzuki, T. Murakami T and Sawa K 2009 IEEE Trans. Appl. Super-
cond. 19 2111

Murakami M, Komori M, Mitsuda H and Inoue A 2007 Cryogenics 47
272

Hekmati A, Hekmati R and Siamaki M 2017 IEEE Trans. Appl. Super-
cond. 27 5204408

Tomita M and Murakami M 2003 Nature 421 517

Hirakawa M, Inadama S, Kikukawa K, Suzuki E and Nakasima H 2003
Physica C 392-396 773

Congreve J V J, Dennis A R, Shi Y, Bumby C W, Druiff H, Cardwell
D A and Durrell J H 2021 Supercond. Sci. Technol. 34 094003

Nariki S, Sakai N and Murakami M 2002 Physica C 378-381 631
Yang P T, Yang W M, Wang M, Li ] W and Guo Y X 2015 Chin. Phys.
B 24117403

Chen I G, Liu J X, Weinstein R and Lau K 1992 J. Appl. Phys. 72 1013
Inoue K, Tanichi M, Miryala M and Murakami M 2019 /EEE Trans.
Appl. Supercond. 29 6800405

Sakai N, Nariki S, Nagashima K, Miryala M, Murakami M and
Hirabayashi 1 2007 Physica C 460-462 305

Jung Y,Go SJ,HooHT, Lee Y J, Park S D, Jun B H and Kim C J 2017
Prog. Supercond. Cryogenics 19 30

Li C, Zhao L F, Zhou D J, Cheng C H and Zhao Y 2020 J. Supercond.
Nov. Magn. 33 2923

Sakai N, Nariki S, Nishimura M, Miyazaki T, Murakami M, Miryala
M and Hirabayashi I 2007 Physica C 463-465 348

Vakaliuk O, Werfel F, Jaroszynski J and Halbedel B 2020 Supercond.
Sci. Technol. 33 095005

Durrell J H, Dennis A R, Jaroszynski J, Ainslie M D, Palmer K G B,
Shi Y H, Campbell A M, Hull J, Strasik M, Hellstrom E E and Cardwell
D A 2014 Supercond. Sci. Technol. 27 082001

Leblond C, Monot I, Bourgault D and Desgardin G 1999 Supercond.
Sci. Technol. 12 405

Wang J, Yanoviak M M and Raj R 1989 J. Am. Ceram. Soc. 72 846
Shi D L, Lahiri K, Qu D and Sagar S 2015 J. Mater. Res. 12 3036
Kiitiik S, Bolat S, Oztiirk K, Akbulut S and Cakir O 2011 J. Supercond.
Nov. Magn. 24 475

Kiitiik S, Bolat S, Basoglu M and Oztiirk 2009 J. Alloys Compd. 488
425

Eisterer M, Haindl S, Zehetmayer M, Gonzalez-Arrabal R, Weber H
W, Litzkendorf D, Zeisberger M, Habisreuther T, Gawalek W, Shlyk L
and Krabbes G 2006 Supercond. Sci. Technol. 19 S530

Fukai H, Tomita M, Murakami M and Nagatomo T 2002 Supercond.
Sci. Technol. 15 1054

Shi Y H, Dennis A R, Durrell J H and Cardwell D A 2019 Supercond.
Sci. Technol. 32 025005

SuXQ, Yang WM, Yang P T, Zhang L L and Yakupu A 2017 J. Alloys
Compd. 692 95

Wang M, Wu H C, Yang W M, Yang P T, Wang X M, Hao D P, Dang W
J, Zhang M and Hu C X 2017 Acta Phys. Sin. 66 167401 (in Chinese)
Yang W M, Chen L P and Wang X J 2016 Supercond. Sci. Technol. 29
024004

Yang W M, Chao X X, ShuZ B, Zhu S H, Wu X L, Bian X B and Liu
P 2006 Physica C 445-448 347

MaJ, Chen Z L, Xian T, Wei X G, Yang W M, Chen S L and Li ] W
2018 Acta Phys. Sin. 67 077401 (in Chinese)

Qin M J, Li G, Liu H K, Dou S X and Brandt E H 2002 Phys. Rev. B
66 024516

Algadi M K, Al-khateeb HM, Alzoubi F Y and Ayoub N Y 2007 Chin.
Phys. Lett. 24 2664

Antoncik F, Lojka M, Hlasek T, Valiente-Blanco I, Perez-Diaz J L and
Jankovsky O 2020 J. Am. Ceram. Soc. 103 5169

Yang W M 2020 ReBCO Bulk Superconductor and Its Properties (Bei-
jing: Peking University Press) Vol. 1 p. 47 (in Chinese)

Yang W M, Yang P T, Wang Y N and Li Q 2017 Physica C 540 32
Wei J C, Chen J L, Horng L and Yang T J 1996 Physica C 267 345
Yang W M, Chao X X, Bian X B, Liu P, Feng Y, Zhang P X and Zhou
L 2003 Supercond. Sci. Technol. 16 789

Li G Z and Wang M 2022 Supercond. Sci. Technol. 35 015005

Nariki S, Sakai N, Kita M, Fujikura M, Murakami M and Hirabayashi
12006 Supercond. Sci. Technol. 19 S500


http://dx.doi.org/10.1109/TASC.2017.2766133
http://dx.doi.org/10.1109/TASC.2017.2766133
http://dx.doi.org/10.1016/0964-1807(93)90424-Z
http://dx.doi.org/10.1109/TASC.2009.2019202
http://dx.doi.org/10.1109/TASC.2009.2019202
http://dx.doi.org/10.1016/j.cryogenics.2007.03.001
http://dx.doi.org/10.1016/j.cryogenics.2007.03.001
http://dx.doi.org/10.1109/TASC.2017.2759238
http://dx.doi.org/10.1109/TASC.2017.2759238
http://dx.doi.org/10.1038/nature01350
http://dx.doi.org/10.1016/S0921-4534(03)01213-9
http://dx.doi.org/10.1016/S0921-4534(03)01213-9
http://dx.doi.org/10.1088/1361-6668/ac19f1
http://dx.doi.org/10.1016/S0921-4534(02)01510-1
http://dx.doi.org/10.1088/1674-1056/24/11/117403
http://dx.doi.org/10.1088/1674-1056/24/11/117403
http://dx.doi.org/10.1063/1.351826
http://dx.doi.org/10.1109/TASC.2018.2872815
http://dx.doi.org/10.1109/TASC.2018.2872815
http://dx.doi.org/10.1016/j.physc.2007.03.139
http://dx.doi.org/10.9714/psac.2017.19.1.030
http://dx.doi.org/10.9714/psac.2017.19.1.030
http://dx.doi.org/10.1007/s10948-020-05560-9
http://dx.doi.org/10.1007/s10948-020-05560-9
http://dx.doi.org/10.1016/j.physc.2007.03.436
http://dx.doi.org/10.1088/1361-6668/ab9fc4
http://dx.doi.org/10.1088/1361-6668/ab9fc4
http://dx.doi.org/10.1088/0953-2048/27/8/082001
http://dx.doi.org/10.1088/0953-2048/12/6/313
http://dx.doi.org/10.1088/0953-2048/12/6/313
http://dx.doi.org/10.1111/jace.1989.72.issue-5
http://dx.doi.org/10.1557/JMR.1997.0397
http://dx.doi.org/10.1007/s10948-010-0975-6
http://dx.doi.org/10.1007/s10948-010-0975-6
http://dx.doi.org/10.1016/j.jallcom.2009.08.149
http://dx.doi.org/10.1016/j.jallcom.2009.08.149
http://dx.doi.org/10.1088/0953-2048/19/7/S21
http://dx.doi.org/10.1088/0953-2048/15/7/311
http://dx.doi.org/10.1088/0953-2048/15/7/311
http://dx.doi.org/10.1088/1361-6668/aaf2ea
http://dx.doi.org/10.1088/1361-6668/aaf2ea
http://dx.doi.org/10.1016/j.jallcom.2016.08.230
http://dx.doi.org/10.1016/j.jallcom.2016.08.230
http://dx.doi.org/10.7498/aps.66.167401
http://dx.doi.org/10.1088/0953-2048/29/2/024004
http://dx.doi.org/10.1088/0953-2048/29/2/024004
http://dx.doi.org/10.1016/j.physc.2006.04.080
http://dx.doi.org/10.7498/aps.67.20172418
http://dx.doi.org/10.1103/PhysRevB.66.024516
http://dx.doi.org/10.1103/PhysRevB.66.024516
http://dx.doi.org/10.1088/0256-307X/24/9/056
http://dx.doi.org/10.1088/0256-307X/24/9/056
http://dx.doi.org/10.1111/jace.v103.9
http://dx.doi.org/10.1016/j.physc.2017.07.008
http://dx.doi.org/10.1016/0921-4534(96)00374-7
http://dx.doi.org/10.1088/0953-2048/16/7/308
http://dx.doi.org/10.1088/1361-6668/ac3670
http://dx.doi.org/10.1088/0953-2048/19/7/S15

	1. Introduction
	2. Experimental procedure
	2.1. Sample
	2.2. Measurement of levitation force and trapped field 

	3. Results and discussion
	4. Conclusions
	References

