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1. INTRODUCTION  
 

A YBa2Cu3O7-y (YBCO) superconductor has a high 

superconducting critical temperature (Tc) of 93 K [1], and a 

high critical current density (Jc) at the magnetic fields [2-4]. 

The electric transport capacity of a YBCO superconductor 

is dependent on the microstructure, especially the size and 

density of the micro-defects present in the superconducting 

grain. Some of the defects effectively trap the magnetic 

flux at high magnetic fields [5-8].  
In addition to microstructural defects, the size of the 

shield current loop (the grain size of YBCO) influences the 

magnetic levitation properties of superconductors. The 

larger the grain size, the larger the magnetic levitation 

force. Large grain YBCO bulk superconductors with high 

magnetic levitation force can be fabricated by melt growth 

processes that utilizes the incongruent melting and a 

peritectic reaction [2-4, 9,10]. Among the melt growth 

processes developed thus far, the TSMG process is known 

to be the most effective process for producing a large grain 

YBCO superconductor [11-13]. Using the TSMG process, 

a single grain YBCO bulk superconductor with a diameter 

of several centimeters can be produced. 

Because of the high magnetic levitation force and high 

trapped magnetic field of a TSMG-processed YBCO 

superconductor, a bulk superconductor is used as a 

high-field superconducting permanent magnet [14,15] and 

a high-efficiency frictionless bearing material [16,17].  

The magnetic levitation force (F) of the superconductors 

is given by eq. (1) [18], 

 

F= m(dH/dx), m=Mv, M=JcAr              (1) 

 

where m is a magnetic moment of a superconductor, M is a 

magnetic moment per unit volume, v is a volume, A is a 

constant regarding the sample geometry, Jc is a critical 

current density of a superconductor, and r is the radius of a 

shielding current loop. This means that the grain size and Jc 

of the superconductor are two important factors 

determining the magnetic levitation force of a 

superconductor. 

In addition to the grain size and Jc of the superconductor, 

other experimental parameters affect the magnetic 

levitation force of the superconductor. They are the 

effective dimensions of the bulk superconductors, the size 

and the magnetic flux density of the permanent magnet, 

and the cooling method (field cooling or zero field cooling). 

In order to use superconductors in practical applications 

such as superconducting flywheel energy storage devices 

[16] and water purifiers [17], the above parameters should 

be optimized. 
This study aims to understand the specifications of 

single grain YBCO bulk superconductors required to 

maximize the magnetic levitation and field-trapping 

capabilities of superconductors. The effects of the 
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Abstract 

 

The effects of the crystallographic orientation and sample thickness on the magnetic levitation forces (F) and trapped magnetic 

field (B) of single grain YBCO bulk superconductors were examined. Single grain YBCO samples with a (001), (110) or (100) 

surface were used as the test samples. The samples used for the force-distance (F-d) measurement were cooled at 77 K without a 

magnetic field (zero field cooling, ZFC), whereas the samples used for the B measurement were cooled under the external magnetic 

field of a Nd-B-Fe permanent magnet (field cooling, FC). It was found that F and B of the (001) surface were higher than those of 

the (110) or (100) surface, which is attributed to the higher critical current density (Jc) of the (001) surface. For the (001) samples 

with t=5–18 mm, the maximum magnetic levitation forces (Fmaxs) of the ZFC samples were larger than 40 N. About 80% of the 

applied magnetic field was trapped in the FC samples. However, the F and B decreased rapidly as t decreased below 5 mm. There 

exists a critical sample thickness (t=5 mm for the experimental condition of this study) for maintaining the large levitation/trapping 

properties, which is dependent on the material properties and magnitude of the external magnetic fields. 
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crystallographic orientations and sample thickness of the 

superconductor on the magnetic levitation forces and the 

trapped magnetic fields at 77 were examined. 

 

 

2. EXPERIMENTAL PROCEDURE 

 

The large single grain YBCO bulk superconductors 

were fabricated by a TSMG process including power 

compaction, seeding and melt growth heat treatment. 

Detailed heat treatment schedules for preparing the 

samples have been well described in other studies [9]. The 

grain size of the prepared samples was 30–50 mm.  

Fig. 1(a) shows the top surface of a rectangular 

single-grain sample. As shown in the figure, four facet 

lines are developed diagonally on the top surface of the 

sample. These four lines start at the seed located at the 

center of the sample and meet the four corners of the 

sample. The orientations of the x-shaped lines are the 

YBCO <110> orientations, which is known to be caused 

by the anisotropic growth of YBCO grain [5]. A single 

x-shaped pattern is formed on the top surface of the sample, 

which indicates that the sample is a single grain and the top 

surface is perpendicular to the c-axis of YBCO. 

According to the orientation information obtained from 

the facet lines of the top surface, the large single grain 

YBCO bulk superconductor was cut along the <100> and 

<110> orientations using a diamond saw to obtain (001), 

(100) or (110) cut surfaces (Fig. 1(b)). In addition, the 

samples whose top surface is (001) and thickness is 

different were prepared to understand the thickness effects 

on the magnetic levitation force and field-trapping 

properties (see Fig. 1(c)). 

The X-ray diffraction analysis was carried out to identify 

the crystallographic orientations of the cut surfaces. 

Fig. 2 shows the XRD patterns of the top, cut surface and 

side of Fig. 1(b). Similar to the result of the orientation 

 

 
 
Fig. 1. Photos of (a) top surface of a single grain YBCO 

superconductor, (b) samples cut with <110> and <100> 

orientation of YBCO and (c) samples whose top surface is 

a (001) plane and whose thickness is different. 
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Fig. 2. X-ray diffraction patterns of the top, side and cut 

surface of the single grain YBCO sample. 

 

 

 
 

Fig. 3. Magnetic levitation force measurement system. 
 

analysis for the top surface facet lines of Fig. 1, the top, 

side and diagonal cut surface correspond to the (00l), the 

(0l0) and the (110) planes, respectively of the 

orthorhombic crystal structure. Not illustrated here, all of 

the top surfaces of Fig. 1(c) were identified as (001) 

surfaces. 

In this experiment two important properties of magnetic 

levitation force and trapped magnetic field at 77 K were 

measured. To measure the force-distance curves, the 

specimens were cooled to 77 K in a magnetic-free 

environment (zero field cooling, ZFC) and the permanent 

magnets were approached to the cooled superconductors 

(see Fig. 3). The maximum magnetic levitation force (Fmax) 

is defined as the force when the distance (d) between the 

superconductor and the permanent magnet is 0.1 mm. 

A trapped magnetic field (B) measurement was 

performed on field-cooled samples. The specimen was 

placed on a metal plate and fixed with a specially designed 

jig (see Fig. 4(a)). Permanent magnets with a diameter of 

30 mm and a surface field of 4.9 kG (Fig. 4(b)) were placed 

on the sample, and liquid nitrogen was poured thereon to 

cool the sample to 77K (field cooling, FC). When the 

temperature of the sample reached 77 K, the permanent 

magnet placed on the superconductor was removed, and 

the magnetic force trapped in the superconductor was 

measured on the top surface using a hall probe (Fig. 4(c)).  
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Fig. 4. Trapped magnetic field measurement system: (a) 

sample holder, (b) permanent magnet-sample arrangement 

for field trapping, and (c) hall probe. 
 

The maximum trapped magnetic field (Bmax) was defined 

as the maximum value in the measured magnetic field 

distribution curve. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1. Crystallographic orientation vs. magnetic levitation 

force 

Fig. 5 shows a typical example of a F-d hysteresis 

curve at 77 K of the ZFC sample. As can be seen in the 

figure, the repulsive magnetic force (F) induced by the 

Meissner effect of the superconductor is nearly zero until d 

becomes 10 mm. However, F increases exponentially as d 

decreases below 10 mm and Fmax is 23.2 N. In the F-d 

hysteresis curve, the attractive force caused by the 

magnetic flux trapped in a superconductor is small enough 

to ignore.  

The F-d curves at 77 K were estimated on the (001), 

(110) and (100)/(010) planes of the ZFC samples using a 

permanent magnet with a surface field of 4.2 kG and 

diameters of 10 mm. The Fmax estimated in the F-d curves 

are shown in the histogram of Fig. 6. The values of  

Fmax(001), Fmax(100), Fmax(010) and Fmax(110) are 35.4 N, 25.5 N, 

21.4 N, and 23.2 N, respectively. Among Fmax(hkl), the value 

of Fmax(001) is the highest, which is approximately 30% 

higher than that of Fmax(010) or Fmax(110). The levels of 

Fmax(100), Fmax(010) and Fmax(110) are almost similar each other. 

This result implies that the permanent magnet and (001) 

plane of the superconductor should meet vertically in order 

to obtain a high magnetic levitation force. 

The difference in Fmax among the (hkl) planes can be 

explained in terms of Jc at each crystallographic planes of 

YBCO. All test specimens are monocrystalline, and there 

is no high-angle grain boundary, which is a factor that 

allows magnetic forces to easily pass through and 

eventually lower the magnetic levitation force. Therefore, 

the main factor affecting the magnetic levitation force of 

superconductors in this experiment is Jc at each 

crystallographic plane. It was reported that Jc of the (001) 

plane was the highest among the crystallographic planes of 

YBCO [19]. This is because the (001) plane has the largest 

number of copper-oxygen bonds that make up the flow of  
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Fig. 5. A typical example of a F-d curve of a large grain 

YBCO bulk superconductor. 
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Fig. 6. Maximum magnetic levitation forces at 77 K of the 

crystallographic surfaces of the ZFC samples. 

 

supercurrents compared to other crystallographic planes 

(the coherence length, ξ at the (001) plane is much longer 

than that at the other planes [20]). 

 

3.2. Crystallographic orientation vs. trapped magnetic field 

Fig. 7 shows the trapped magnetic field map of the (100) 

surface of the FC sample measured using a Nd-B-Fe 

permanent magnet with a surface field of 4.9 kG and a 

diameter of 30 mm. A single peak is observed at the center 

of the trapped field contour map. One peak appears at the 

center of the map.  This is a typical form of the single grain 

superconductor. The discontinuities that often appear due 

to the presence of microcracks or high angle grain 

boundaries do not appear in the trapped field map. The 

maximum trapped field (Bmax) at the peak point is 1.21 kG.  

 

5

10

15

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1 0

2 0

 (100) surface

     at 77 K

T
r
a

p
p

e
d

 m
a

g
n

e
ti

c
 f

ie
ld

 (
k

G
)

Y-A
xis

 (m
m)

X-Axis (mm)

-0.08500

0.07812

0.2412

0.4044

0.5675

0.7306

0.8937

1.057

1.220

 
 

Fig. 7. Trapped magnetic field contour of the (100) surface 

of single grain YBCO bulk superconductor. 
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TABLE I. 

MAXIMUM TRAPPED MAGNETIC FIELD AND % RATIO FOR THE APPLIED 

MAGNETIC FIELD OF THE CRSYTALLOGRAPHIC (HKL) SURFACES. 

Crystallographic  

Plane (hkl) 

Maximum trapped 

magnetic field, Bmax (kG) 

% ratio for the applied 

magnetic field 

(001) 2.58 49.14  

(100) 1.21 23.05 

(010) 0.80 15.24 

(110) 1.02 19.43 

 

Not shown here, a trapped magnetic field map of the 

(010), (110) and (001) surfaces also showed a single grain 

mode similar to that of the (100) surface in Fig. 7. The 

values of Bmax of each surfaces are summarized at TABLE 

I. The values of Bmaxs of the (010), (110) and (001) surfaces 

are 0.8 kG, 1.02 kG and 2.58 kG, respectively. The value 

of the trapped magnetic field of the (001) plane is the 

largest among the measured planes. Forty-nine percent of 

the applied magnetic field was trapped in the (001) surface, 

which is comparable to the Bmax values of other surfaces 

that are smaller than 25%. This result agrees well with the 

F-d measurements on the corresponding crystallographic 

surfaces of Fig 6.  
 

3.3. Sample thickness vs. magnetic levitation forces 

Fig. 8 shows the F-d curves measured at 77 K for the 

(001) samples with various values of t. A Nd-B-Fe 

permanent magnet with a surface field of 4.9 kG and a 

diameter of 30 mm was used for the levitation force 

measurement. As can be seen in this figure, all samples 

show typical F-d hysteresis curves where a magnetic 

repulsive force increases exponentially as d decreases.  

The values of Fmax of the samples with t=12.9 mm, t=5.1 

mm, t=4.0 mm, and t=2.7 mm are 44 N, 42 N, 36 N and 

27.5 N, respectively. The difference in Fmax between 

t=12.9 mm and  t=5.1 mm is very small as 0.2 N (4.5%), 

whereas the difference in Fmax between t=12.9 mm and 

t=2.7 mm is large as 16.5 N (37.5%). Unlike other samples, 

the attractive force component of 1.6 N appears at d=14 

mm in the F-d curve of the sample with t=2.7 mm. The 

attractive force component is produced by the magnetic 

fields trapped inside the superconductor, which appears 

well in the FC sample, and its size is relatively large 

compared to the ZFC sample [20]. Alternatively, the 

attractive force appears in the polycrystalline samples with 

many grain boundaries where a magnetic flux easily 

penetrates. Therefore, this result indicates that when the 

thickness of the superconductor is thin, some of the 

magnetic field enters the inside of the superconductor and 

is trapped. 

The values of Fmax as a function of t for all measured 

(001) samples are shown in Fig. 9. For the samples with 

t=5 mm–18 mm. the values of Fmax are almost constant at 

about 40 N. However, as t decreases below 5 mm, Fmax 

decreases rapidly. The surface superconducting layer of a 

certain thickness seems to determine the magnetic 

levitation force of the bulk superconductors, and its value 

is 5 mm for our study. This result agrees well with a 

previous work that showed a transition of the magnetic 

levitation forces at t=6 mm [21]. 
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Fig. 8. F-d curves of the (001) surfaces of the ZFC samples 

with various values of t. 
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Fig. 9. Fmax as a function of t of the (001) surface of the 

ZFC samples. 

 

3.4. Sample thickness vs. trapped magnetic field 

Fig. 10 shows the B-d curves at 77 K measured for the 

(001) samples with various t. A Nd-B-Fe permanent 

magnet with a surface field of 4.9 kG and a diameter of 30 

mm was used for field trapping. All B-d curves show a 

single grain map having a peak point at the center of the 

maps. The values of Bmax  at t=10 mm, t=8 mm, t=5 mm 

and t=3 mm are 4.09 kG, 4.02 kG, 3.87 kG and 2.86 kG, 

respectively. These values correspond to 83.4%, 82.0%, 

78.9% and 58.3% of the magnetic field (4.9 kG) of the 

permanent magnet used. Approximately 80% of the 

applied magnetic field is trapped in the samples with t>5 

mm.  
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Fig. 10. B-d curves of the (001) surfaces of the FC samples 

with various t. 

33



0 5 10 15 20
2.5

3.0

3.5

4.0

4.5

 

 
M

a
x

im
u

m
 t

r
a

p
p

e
d

 m
a

g
n

e
ti

c
 f

ie
ld

 (
k

G
)

Sample thickness (mm)

Field cooled

at 77 K

 
 

Fig. 11. Bmax as a function of t of the (001) surfaces of the 

FC samples. 
 

The values of Bmax of the (001) samples with various t is 

shown in Fig. 11. Similar to the variation of Fmax with t of 

Fig. 9, Bmax of the samples is almost constant until t 

decreases to 5 mm. As t decreases below 5 mm, however, 

Bmax decreases rapidly. The critical sample thickness for 

trapping the large magnetic field is also 5 mm for the 

experimental condition of this study.  

This study showed that there exists a critical sample 

thickness for a large F and B of YBCO bulk 

superconductors. This thickness appears to be related to 

the properties of the material used. The samples used in 

this study are large single grain bulks with a size of 20-40 

mm. A sufficiently large shielding current loop was 

created for the external magnetic field of the permanent 

magnet, which would have made a significant contribution 

to the magnetic levitation force of the superconductor. 

Moreover, the values of Jc of the superconductor is as large 

as 1.5×10
4
 A/cm

2
 at a magnetic field of 5.0 kG [22], 

because there is no high angle grain boundaries through 

which a magnetic field passes. Even if the shielding 

current flows strongly on the surface of the superconductor, 

however, if the external magnetic field is large and the 

thickness of the superconductor is small, a certain amount 

of the magnetic field enters in the superconductor and is 

trapped in the superconductor. For these reasons, the 

critical thickness of the superconductor varies depending 

on the characteristics of the material and experiment. 

With respect to the amount of magnetic field trapped in 

the superconductor, the presence and the density of 

micro-defects pinning the magnetic field are important. As 

already reported in many references [5-7], there are many 

microdefects such as twins, dislocations, stacking faults, 

inclusion particles and oxygen deficiencies inside 

superconductors produced through the melt growth 

process. They act effectively in trapping the magnetic flux 

inside the superconducting grains of the FC samples. The 

high Jc, the large grain and the small defects present inside 

the superconductor are attributed to the large trapped 

magnetic fields of the FC samples.  

The experimental results of this study will provide 

useful information (Jc, the crystallographic orientation and 

dimension of the superconductors, the magnitude of the 

external magnetic fields, and so on) for designing the 

superconducting bulk used in superconducting 

applications such as a superconducting  flywheel energy 

storage system, the magnetic transportation, and 

superconductor bulk magnets. 

 

 

4. CONCLUSIONS 

 

To optimize the parameters of the bulk superconductors 

that are used in application devices, the effects of the 

crystallographic orientation and sample thickness on the 

magnetic levitation force (F) and the trapped magnetic 

field (B) were examined. The values of F and the B at 77 K 

were dependent on the crystallographic orientation of 

YBCO. The value of Fmax of the (001) surface was 30% 

larger than those of the (100) and (110) surfaces.  The 

value of Bmax of the (001) surface was about twice that of 

the other surfaces. The excellent magnetic 

levitation/field-trapping properties of the (001) surface 

was explained in terms of the high Jc of the (001) plane in 

an orthorhombic crystal structure [17]. The variations in F 

and B as a function of t were also estimated for the (001) 

sample. For t=5–18 mm, the values of Fmax and Bmax of 

were similar to each other. However, the values of Fmax and 

Bmax decreased rapidly, as t decreased below 5 mm. There 

exists a critical sample thickness for maintaining the large 

magnetic levitation/trapping properties (t=5 mm for the 

(001) sample for the experimental conditions of this study). 

The variations of F and B with the crystallographic 

orientation and sample thickness were explained in terms 

of Jc, the grain size and the micro-defects within the bulk 

superconductors used in this study. 
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