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1. INTRODUCTION 
 

The critical current density ( ) of REBCO coated 

conductors by natural pinning centers is not sufficiently 

high at 77.3 K and it suffers from strong anisotropy with 

respect to the direction of the magnetic field caused by the 

anisotropy of electron effective mass. That is,  is very 

high within a narrow range of the magnetic field angle 

around the -  plane and is low over a relatively wide 

angle around the -axis. Many trials have been made to 

improve the  property by introducing artificial pinning 

centers (APCs). The trend effective to improvement is 

roughly classified into two categories: One is nano-rods 

grown along the -axis that directly improve the poor  in 

the field along this direction [1-6] and the other is isotopic 

nano-particles that indirectly improve by reducing the 

anisotropy in  by adding strong isotropic pinning forces 

[7-10]. Trails to improve  at low temperatures and at high 

magnetic fields are also examined for specific applications 

of high temperature superconductivity [11]. 

     Introduction of APCs is also useful to enhance the 

irreversibility field and to suppress the effect of thermal 

activation of flux lines that influences seriously the 

stability of magnetic field produced by superconducting 

magnets as will be shown later. The important thing is to 

design APCs that are useful to improve the  property 

under desired condition of temperature and magnetic field 

for each application. For this purpose it is necessary to 

predict  exactly. Especially we need two theoretical 

treatments: one is the summation theory to predict  or the 
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pinning force density ( ) as a function of elementary 

pinning force ( ) and number density ( ) of pinning 

centers and the other is the flux creep and flow model [12] 

to estimate under the influence of flux creep. The 

elementary pinning force is the maximum force that one 

pinning center can exert. This makes us possible to design 

optimum APCs for the aimed application. 

The summation problem was examined first by 

Labusch with a statistical method [13]. It predicted that the 

contribution of one pinning center to the pinning force 

density, , is proportional to , which is called the 

statistical summation property, for  sufficiently higher 

than the threshold value, , and is zero for  below . 

Experiments clarified later that  was proportional to 

 and , for strong and weak pinning centers, 

respectively, as shown in Fig. 1 [14]. The first property is 

called the linear summation. The statistical summation 

property was found to hold down to very weak pinning 

centers with  smaller by a factor of 10
-4

 than . Later 

Campbell [15] proposed a new theoretical model in which 

the variation in the pinning force of each pinning center 

was assumed to be periodic with respect to the 

displacement of flux lines. This was successful to explain 

that  approaches the linear summation when  is 

sufficiently large. However, the problem of the threshold 

value remained. 

In 1979 Larkin and Ovchinnikov [16] proposed their 

theoretical model and attributed the non-zero threshold 

value in the Labusch theory to the assumption of the long 

range order of flux line lattice that does not exist because 

of finite pinning correlation lengths. In addition, the 
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problematic point in the Labusch theory was that it was not 

a self-consistent mean field theory [17]. That is, although 

the Labusch parameter ( ) was introduced as a mean-field 

parameter that represents the strength of the flux pinning, it 

was treated to be independent of . The coherent potential 

approximation theory [18] was proposed based on these 

points and it explained the experimental results in [14]. 

The obtained threshold value itself was a function of  

and was always smaller than . Hence, it explains that 

even a very weak pinning center contributes with its own 

strength to the pinning force density. At the same time it 

was shown that the predicted pinning force density in the 

linear summation regime agreed quantitatively with 

experiments for the pinning by normal precipitates [19]. It 

should be noted that the fact that  is larger than  

proves that the pinning loss has a nature of hysteresis loss 

independent of the viscous coefficient, although the loss 

mechanism itself is viscosity [20]. 

The above theoretical investigation has clarified that 

the pinning obeys the linear summation for artificially 

introduced strong pinning centers. Fortunately this makes 

the theoretical analysis easy. However, the serious 

problem we have is that the pinning by small natural 

defects such as oxygen deficiencies has an appreciable 

contribution and we have no information on  and  for 

these defects. What we can do is to estimate its 

contribution from measurement of samples with no 

artificial pinning centers. In this case it will be allowed to 

assume the collective summation for the resultant pinning 

force density because of no spatial correlation between 

natural defects and artificially introduced pinning centers: 

 

(1) 

where  and  are the pinning force densities of natural 

and artificial pinning centers, respectively. 

     Another factor that exists between the theoretical 

estimation of the summation theory and practical critical 

current density is the thermal activation of pinned flux 

lines. The theoretical approach to estimate the practical 

critical current density from the virtual flux creep-free 

pinning force density is briefly described in Appendix. 

     In this paper we treat the improvements of field-angle 

anisotropy, irreversibility field and relaxation rate by 

introduction of APCs. It should be noted that the thickness 

of superconducting layer is another important factor that 

influences the flux creep property [21]. Hence, the effect of 

superconducting layer thickness is also discussed. 

 

 

2. IMPROVEMENT OF PINNING 

CHARACTERISTICS BY APCs 

 

2.1. Field-angle anisotropy 

     Here we show examples of improvement of the 

field-angle anisotropy by introducing APCs. Figure 2 

shows the improvement by introduction of BaZrO3 (BZO) 

nanorods to GdBa2Cu3O7-x coated conductor [22]. The 

samples were deposited using PLD technique on IBAD 

substrates and the superconducting layer thickness was 

2.28 μm. The diameter and length of the nono-rods were 

about 5 nm and 60 nm, respectively. It is found that the 

field angle anisotropy is very weak without a pronounced 

peak in the magnetic field along the -axis for the sample 

with the BZO nano-rods. This is ascribed to widely 

distributed growth direction of the nano-rods around the 

-axis shown in Fig. 3, where  is the declination angle 

from this axis. This distribution is associated with the 

structure of nono-rods called “fireworks” that is sometimes 

observed in YBa2Cu3O7-x coated conductors with BZO 

nano-rods. Another point is disappearance of sharp peak at 

around . This can be explained by the mechanism 

of collective pinning shown by Eq. (1): It is considered that 

the pinning force of nano-rods  is much stronger than 

that of stacking faults  because of a large difference in 

the interaction volume (the volume of overlapping region 

between the vortex core and pinning center). Then, Eq. (1) 

leads to 

 
(2) 

 

Thus, the contribution of stacking faults given by the 

second term is very small and the disappearance of the 

peak in the in-plane field can be explained even if the 

stacking faults are not appreciably changed by introducing 

nano-rods. It is considered that development of fabrication 

process that realizes nano-rods with a wide distribution of 

the growth direction is important. 

 

 

 
 

Fig. 1. Contribution to the pinning force density from 

one pinning center ( ) vs. the elementary pinning 

force ( ) for Nb at 4.2 K and at the reduced magnetic 

field of  [14]. 
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Figure 4 shows the field-angle dependent  of 

TFA-MOD processed (YGa)Ba2Cu3O7-x (YGdBCO) 

coated conductor with and without BZO nano-particles 

[23]. The superconducting layer thickness was about 0.5 

m for the both samples and the critical temperature was 

90.0 and 90.2 K for the samples without and with 

nano-particles, respectively. The mean diameter of 

nano-particles was about 20 nm. The  increases over a 

wide range of the field-angle except at around the in-plane 

field direction, resulting in a reduction in the anisotropy. 

Thus, proper introduction of APCs enables to achieve 

more isotropic . Hence, the design of pinning 

morphology is very important for the purpose. 

 

2.2. High field property 

Figure 5 shows an example of the improvement of  

determined by magnetization measurement at 77.3 K in the 

magnetic field along the -axis by introduction of BZO 

and BaHfO3 (BHO) nano-rods to PLD processed 

GdBa2Cu3O7-x coated conductor with the superconducting 

layer of about 1 μm thick [24]. The added amount of BZO 

and BHO to form nano-rods was 3.5 mol% and the 

resultant volume fraction of nano-rods was about 1.5 % for 

the both cases. The specification of the samples is given in 

Table 1. BHO nano-rods were slightly thinner. Although  

at low magnetic field does not change appreciably, the 

high-field  is dramatically improved, resulting in the 

enhanced irreversibility field. 

 

2.3. Relaxation property 

    Figure 6 shows the magnetic  at 20 K in the magnetic 

field along the -axis for the samples shown in Fig. 4. The 

trend is similar to the result in Fig. 5 and the improvement 

is better for the sample with BHO nano-rods. The magnetic 

relaxation is measured from about 1 min. to 1 h after 

starting the measurement and the observed magnetization 

normalized by the initial value is plotted versus the 

 
  

 
Fig. 2. Field angle anisotropy of critical current density 

in GdBa2Cu3O7-x coated conductor (a) without and (b) 

with BaZrO3 nano-rods [22]. 

 

100 nm 
(a) 

 
 

 
(b) 

𝜑 
 

Fig. 3. (a) Three dimensional structure of nan-rods 

obtained by transmission electron microscopy and 

electron tomography and (b) distribution of angle of 

growing direction of BaZrO3 nano-rods measured from 

the -axis in GdBa2Cu3O7-x coated conductor [22]. 

TABLE I 

SPECIFICATION OF PLD PROCESSED GdBA2CU3O7-X SAMPLES [24]. 

Sample Material 
Amount of 

addition (mol%) 

Thickness 

 ( m) 
 (K) 

Mean diameter of 
nano-rods (nm) 

Pure 

BHO 

BZO 

GdBCO 

GdBCO+BHO 

GdBCO+BZO 

-- 

3.5 

3.5 

1.1 

1.0 

1.1 

90.7 

90.5 

89.2 

-- 

4.5 

5.6 
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logarithm of time. The apparent pinning potential is 

defined by [25]  

 

(3) 

 

where  is the Bolzmann constant,  is the 

magnetization,  is the initial magnetization and  is the 

logarithmic relaxation rate. The results of  obtained by 

fitting a linear line to the observed  vs.  curve 

are shown in Fig. 7. The change in  by addition of 

nano-rods is not simple. However, it contributes to the 

enhancement of  or reduction in  at high magnetic 

fields that is required for high-field application. The 

improvement of the relaxation property for BHO 

nano-rods is pronounced. 

 

2.4. Improvements by thick superconducting layer 

The superconducting layer thickness plays an important 

role in the flux creep, since it influences the value of the 

pinning potential. The longitudinal flux bundle size is 

given by [26] 

 

(4) 

 

where  is flux line spacing and  is the virtual critical 

current density in the creep-free case. This length increases 

with increasing magnetic field and reaches the 

superconducting layer thickness at some normal magnetic 

field. Hence, the pinning becomes two-dimensional and 

the pinning potential takes a smaller value than a thicker 

superconducting tape at high fields, since the longitudinal 

flux bundle size is limited by the thickness. Figure 8 shows 

the variation in the apparent pinning potential with the 

superconducting layer thickness at 20 K in the magnetic 

field parallel to the -axis for TFA-MOD processed 

(YGd)Ba2Cu3O7-x with BZO nano-particles. The added 

amount of BZO was 1 wt%. The specification of the 

specimens is given in Table 2. The magnetization critical 

current density of these specimens is shown in Fig. 9. The 

superconducting layer thickness of  is not simple and  

in the thickest specimen #3 is lowest. Nevertheless the 

apparent pinning potential is largest at high fields in this 

sample. This can be attributed to the enhanced volume of 

flux bundle as expected theoretically. However, the 

apparent pinning potential of the thinnest specimen #1 

takes a larger value than specimen #2. This point seems to 

be contradictory and will be discussed in section 3.4. 

 

 

3. THEORETICAL APPROACH AND DISCUSSION 

 

The role of the number of flux lines in the flux bundle, , 

plays an important role in determination of the pinning 

potential in the theoretical analysis. It tends to strongly 

increase with increasing temperature and/or magnetic field 

as shown in Eq. (A5), whereas the variation in , the 

value for the virtual perfect flux line lattice, is not 

appreciable. The statistical distribution of flux pinning 

strength was not assumed in the theoretical estimation of 

 [27]. Hence, the theoretically predicted value of  is 

sometimes larger than the value determined as a fitting 

parameter, although its dependence on temperature, 

 

0 30 60 90 120 150 180
10

8

10
9

10
10

10
11

θ [degree]

J c
[A

/m
2
]

 T  = 77.3 Kpure BZO

 1 T

 3 T

 
 

Fig. 4. Field angle anisotropy of critical current density 

in TFA-MOD processed (YGd)Ba2Cu3O7-x with and 

without BaZrO3 nano-particles [23]. 
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Fig. 5. Magnetic critical current density at 77.3 K in the 

magnetic field along the -axis for GdBa2Cu3O7-x 

samples with BaHfO3 and BaZrO3 nano-rods [24]. The 

solid lines are theoretical predictions for each sample. 
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Fig. 6. Magnetic critical current density at 20 K in the 

magnetic field along the -axis for GdBa2Cu3O7-x 

samples with BaHfO3 and BaZrO3 nano-rods. 

 

 



 
T. Matsushita and M. Kiuchi 

 

 

 

magnetic field and superconducting layer thickness is 

similar [28] 

Here we have another problem in the theoretical estimation 

of  for a superconductor with different two kinds of pinning 

centers, such as natural and artificial pinning centers. In this 

case we assume an equivalent virtual pinning centers of a 

single kind as will be done in section 3.2. The suitability of 

this method was checked by comparing the creep-free current 

density with the theoretical estimate for the collective 

summation such as Eq. (1) in the low magnetic field region 

[24]. Hence, it can be expected that the value of  can be 

estimated using Eq. (1) for  . 

     In the following the experimental results are compared 

with the theoretical estimation for each aspect. 

 

3.1. Field-angle anisotropy 

   Here we theoretically analyze some experimental results. 

The flat field-angle dependence shown in Fig. 2 is not 

treated, since it is not easy to take account of the 

distribution of growing angle shown in Fig. 3. On the other 

hand, the field angle anisotropy shown in Fig. 4 is 

theoretically analyzed. For simplicity we disregard the 

effect of flux creep because we treat the pinning property 

at low magnetic fields. If we treat the pinning property at 

high fields, the theoretical analysis including the effect of 

flux creep is needed. The core interaction, i.e., the  

interaction of isotropic non-superconducting particles is 

simply assumed, since the strain induced around 

nano-particles produced by TFA-MOD method was found 

to be very much localized near the interfaces with the 

matrix [29]. For simplicity, therefore, the  pinning by 

surrounding strained region is disregarded. It is expected 

that this assumption does not cause a large quantitative 

error, since the  pinning that utilizes the maximum 

energy difference, i.e., the condensation energy, is 

strongest. 

The anisotropic pinning force density by natural defects 

is assumed as [30] 

 

(5) 

 

where  is the critical current density in the magnetic 

field along the -axis and  is given by  

with  denoting the critical current density in the 

in-plane field. Although this assumption is similar to the 

result of anisotropic theoretical model of electron effective 

mass, we use  as a fitting parameter as well as . The 

reason why we do not use the theoretical model is that it 

sometimes takes a value much smaller than the true 

anisotropy. 

   The nano-particle size  is about 20 nm and is larger 

than  and  at 77.3 K, where  is the coherence 

length in the -  plane and  is an angle of the magnetic 

field from the -axis. The pinning energy is given by the 
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Fig. 7. Apparent pinning potential at 20 K in the 

magnetic field along the -axis for GdBa2Cu3O7-x 

samples with BaHfO3 and BaZrO3 nano-rods. 
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Fig. 8. Apparent pinning potential at 20 K in the 

magnetic field along the -axis for (YGd)Ba2Cu3O7-x 

samples of different superconducting layer thicknesses 

with BaZrO3 nano-rods. 

TABLE II 
SPECIFICATION OF TFA-MOD PROCESSED (YGd)Ba2Cu3O7-x 

SAMPLES. 

Sample Thickness  ( m)  (K) 

#1 

#2 

#3 

0.76 

1.26 

1.90 

89.5 

90.2 

90.0 
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Fig. 9. Magnetic critical current density of (YGd)Ba2Cu3O7-x 

samples of different supercon- ducting layer thicknesses 

with BaZrO3 nano-rods in the magnetic field along the 

-axis. 
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product of the condensation energy density  and 

the interaction volume , where  is the thermodynamic 

critical field. For simplicity it is assumed that nano- 

particles are cubic of effective size  with its four 

surfaces normal to the direction of the Lorentz force. Such 

a simplified theoretical treatment has been employed in the 

analysis of flux pinning [31]. Then, it is natural to assume 

the volume is the same between the spherical and cubic 

nano-particles:  with estimating  

nm. The maximum interaction volume is given by 

 and the corresponding maximum 

pinning energy is . Since 

the energy changes from this value to 0 when the vortex 

core goes out of the nano-particle during displacement by 

, the elementary pinning force, i.e., the maximum 

variation rate of the pinning energy with displacement of 

the vortex core, is given by 

 

   (6) 

 

It is found that the elementary pinning force is isotropic for 

nan-particles sufficiently larger than . In the above the 

pinning interaction only by nano-particle is assumed and 

the effect of new defects created around nano-particles is 

neglected for simplicity, since the pinning force of such 

defects will be much smaller than that of nano-particle 

itself. 

Since each nano-particle is sufficiently smaller than the 

vortex spacing, it does not interact with plural vortices. 

Flux pinning by nano-particles is strong enough to result in 

the linear summation. Hence, the pinning force density 

caused by nano-particles is expected to be given as 

 

 (7) 

 

in the magnetic field below the matching field , where 

 is the pinning efficiency smaller than 1. Empirically we 

can assume as  [14, 19]. For simplicity we assume 

that the matching field is the characteristic field at which 

the vortex spacing is equal to the mean spacing of nano- 

particles. In the magnetic field above the matching field 

some vortices are not caught by nano-particles, and hence, 

 decreases with increasing field as 

 

(8) 

 

Below the matching field all the vortices are pinned by 

nano-particles and the critical current density takes a 

constant value, . Taking account of the 

contribution of natural defects the overall critical current 

density is directly obtained from Eq. (1) as 

 

(9) 

 

where  is the critical current density caused by natural 

pinning centers. 

    Here we compare the theoretical estimation and 

experimental results shown in Fig. 4 [30]. At first we 

assume  and  in Eq. (5) so as to obtain a 

good agreement for TFA-MOD processed GdBa2Cu3O7-x 

sample with no nano-rods (see Fig. 10). From the 

relationship of  in the high 

field region with  T [32] and  90.0 K we 

have  T. Since the mean spacing of 

nano-particles is about 60 nm, we estimate as 

 m
-3

. The matching field that 

satisfies the condition  is estimated as  

T. This leads to the critical current density  

Am
-2

 caused by nano-particles at 1 T. The predicted field 

angle dependence of the sample with nano-particles is 

shown by solid line in Fig. 11, where the value of  is 

changed to 38 to take account of the reduction of  in the 

in-plane magnetic field by introduction of nano-particles. 

Thus, the field-angle dependence of the sample with 

nano-particles can be approximately described by the 

present theoretical treatment. 

In the case of nano-rods, the critical current density only 

in the magnetic field around the -axis is improved. Hence, 

it is desirable that the growth direction of nano-rods is 

widely distributed as shown in Fig. 3 to obtain an isotropic 

field angle dependence. In the case of nano-particles, on 

the other hand, the peak of critical current density remains 

around the in-plane field. To reduce the anisotropy it is 

recommended to introduce high density of nano-particles. 

 

3.2. High field property 

Here we discuss the high-field critical current density 

and irreversibility field quantitatively. For this purpose the 

flux creep and flow model in Appendix is necessary. The 

experimental results shown in Fig. 5 for the samples with 

nano-rods parallel to the -axis are treated for example. It 

can be seen that the high-field property is dramatically 

improved. This improvement is partly attributed by the 

enhancement of the upper critical field as will be shown 

later. This makes the theoretical treatment for high field 

properties complicated, since the experimental result of 

non-doped sample with low  cannot be simply 

substituted as a contribution of natural pinning centers. See 

[24] as to the theoretical analysis for low field property in 

which the effect of  is not important. For simplicity we 

approximate the pinning property of the sample with 

nano-rods is one with equivalent pinning centers of a 

single kind. Its virtual critical current density in the 

creep-free case is assumed in the form [33]: 

 

(10) 

 

where  and  are parameters for the field dependence. 

For superconductors with high Ginzburg-Landau 

parameter , it is empirically known as . In Eq. (10) 

 is a parameter representing the flux pinning strength. It 

is assumed that  is statistically distributed as Eq. (A7) in 

Appendix II. The parameters  and  are determined 

so as to get a good agreements with experimental results. 

Figure 13 shows an example of comparison for the -  

curve obtained from the magnetization relaxation 

measurements. The determined parameters are listed in 

Table 3. Good agreements with experimental results are 

obtained as shown in Fig. 5. 
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 The upper critical field was measured for pure and 

doped samples with various amounts of BHO and BZO. 

The observed  is plotted as a function of the area of the 

interface between nano-rods and the superconducting 

matrix in a unit volume in Fig. 13. The results show that 

 increases linearly with increasing area of the interface. 

This indicates that the electron scattering at the interface 

reduces the coherence length through the reduction in the 

electron mean free path. It is not clear at this moment either 

of interface itself or heavily strained region around the 

nano-rods is dominant scattering centers. Anyhow the 

improvement of the high-field property is strongly 

supported by the enhancement of the upper critical field. 

The pinning characteristics expected in the virtual 

condition that only the flux pinning strength is improved 

are compared with the experiment in Fig. 14. The 

theoretical  value is determined from the calculated -  

relationship at the electric field criterion  

V/m used in the magnetization measurements. It can be 

seen the improvement of the irreversibility field is clearly 

suppressed. Hence, the role of the upper critical field is 

important.  

Even for similar nano-rods, the improvement of critical 

current density depends on the material of pinning centers. 

For example, the critical current density of sample with 

BHO is better as shown in Fig. 5. This is partly attributed 

to the stronger pinning force (compare the value of  

shown in Table 3). The stronger pinning force comes from 

the larger number density of nano-rods (note that the 

diameter does not influence the pinning force by one 

nano-rod). In addition, the lattice mismatch at the interface 

was found to be smaller for the case of BHO [24]. It is also 

reported that the axial strain of the superconducting matrix 

around nano-rods is smaller for BHO whose Young’s 

modulus is smaller [34]. For this reason the critical 

temperature is not seriously degraded, resulting in a larger 

 value in comparison with BZO. This point is important 

especially for application at 77.3 K. Another factor for the 

better high-field property is the higher  shown in Fig. 

13, which is caused by the larger interface area of BHO 

nano-rods with a smaller diameter. 

 

3.3. Relaxation property 

The relaxation property can also be analyzed using the 

flux creep and flow model. If the theoretical -  curve 

shown in Fig. 12 is replotted as a magnetization relaxation 

with time, the apparent pinning potential is similarly 

obtained as in experiments. We treat the cases of BZO and 

BHO nano-rods in Fig. 7. The pinning parameters used for 

the analysis are given in Table 4 and the theoretical results 

are compared with experiments in Fig. 15. The lines show 

theoretical  values estimated from the theoretical 

magnetic relaxation calculated from the -  relationship 

(  and  correspond to  and , respectively). 

Although the magnetic field dependence of  cannot be 

exactly reproduced, the improvement by addition of strong 

BHO nano-rods can be explained. The superior property in 

the sample with BHO nano-rods is attributed to the 

stronger pinning force (larger  value) and smaller 

distribution width represented by  value of the pinning 

force (see Table 4). The reason for the smaller distribution 

width is not clear. 

 

 

 
 

Fig. 10. Field angle anisotropy of critical current density in 

TFA-MOD processed pure (YGd)Ba2Cu3O7-x coated 

conductor. The solid line shows Eq. (5) with  

and  [30]. 

 

 
 

Fig. 11. Field angle anisotropy of critical current 

density in TFA-MOD processed (YGd)Ba2Cu3O7-x 

coated conductor with BaZrO3 nano-particles. The 

solid line is theoretical prediction of Eq. (9) [30]. 

TABLE Ⅲ 

PINNING PARAMETERS OF PLD-PROCESSED GdBa2Cu3O7-X SUPERCONDUCTORS WITHOUT AND WITH NANO-RODS AT 77.3 K. 

Sample  [K]  
[T] 

 
 [ 10

10
 Am

-2
] 

  
[ 10

-2
] 

 

1.5 T 2.0 T 3.0 T 4.0 T 

Pure 

BHO 

BZO 

90.7 

90.5 

89.2 

5.13 

7.21 

6.46 

2.55 

3.83 

2.97 

0.52 

0.70 

0.70 

1.75 

1.75 

1.75 

1.13 

1.19 

1.00 

1.26 

1.38 

1.10 

2.10 

1.60 

1.50 

-- 

1.80 

2.50 
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3.4. Effect of superconducting layer thickness 

   Here we treat the effect of superconducting layer 

thickness on the irreversibility field determined by 

magnetization measurements. The irreversibility field 

observed using magnetization measurement for PLD 

processed pure YBa2Cu3O7-x coated conductors with 

different layer thicknesses is shown in Fig. 16 [35]. The 

specification of the samples is listed in Table 5. In spite of 

lower  the irreversibility field is higher in the thicker 

sample as predicted by the theory. The same results are 

obtained for CVD-processed YBa2Cu3O7-x with different 

layer thicknesses [28]. The apparent pinning potential  

of the thickest sample #3 is the largest in the high field 

region as shown in Fig. 8 in spite of the lowest  value. 

This suggests the superiority of thicker superconductor as 

theoretically predicted.  However,  value of the 

thinnest sample #1 is larger than that of #2. This seems to 

be contradictory.  

The pinning correlation length  of #1 at 20 K and 5 T is 

estimated as 1.08 μm using Eq. (4) with  of about 

 shown in Fig. 9, which is approximately 

used for  because of low temperature region. The  

value is longer than the thickness and hence, the pinning is 

in the two dimensional regime. Thus, the thermodynamic 

effect, i.e., the change in , is expected to be pronounced 

as shown in Appendix. Since the longitudinal flux bundle 

size is limited by the film thickness , the degradation in 

TABLE Ⅳ 

PINNING PARAMETERS OF PLD-PROCESSED GdBa2Cu3O7-x SUPERCONDUCTORS WITH BaHfO3 AND BaZrO3 

NANO-RODS AT 20 K. 

Sample  [ 10
11

 Am
-2

]   [ 10
-2

]  
BHO 

BZO 

3.76 

2.83 

0.64 

0.52 

0.55 

0.70 

1 

1 
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Fig. 14. Magnetic field dependence of pinning force 

density at 77. 3 K for GdBa2Cu3O7-x coated conductors 

with and without BaHfO3 nano-rods. The middle solid 

line shows the theoretical  value under the condition 

that does not change by introduction of nano-rods 

[24]. 
 

 
 

Fig. 15. Apparent pinning potential of GdBa2Cu3O7-x 

coated conductors with BaZrO3 and BaHfO3 

nano-rods at 20 K shown in Fig. 7. Experimental 

results are compared with theoretical predictions. 
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Fig. 12. -  curves of the GdBa2Cu3O7-x coated 

conductor with BaHfO3 nano-rods at 77.3 K in the 

magnetic field along the -axis. Solid lines are 

theoretical predictions [24]. 
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Fig. 13. Dependence of slope of  vs.  curve at 

 for GdBa2Cu3O7-x coated conductors with 

BaHfO3 and BaZrO3 nano-rods on the area of interface 

between nano-rods and superconducting matrix in a 

unit volume [34]. 

 



 
T. Matsushita and M. Kiuchi 

 

 

 

 is considered to enhance  appreciably. This will be 

the reason why  in #1 becomes larger than that in #2.  

The pinning correlation lengths of #2 and #3 at the same 

condition are estimated as 0.98 μm and 1.18 μm, since ’s 

are about  and , 

respectively. Hence, these lengths are smaller than the 

respective film thicknesses, resulting in the 

three-dimensional pinning regime. It means that the 

enhancement of  does not occur and the trend between 

specimens #2 and #3 agrees the theoretical prediction.  The 

important point is the  value. The self-field critical 

current density of #1 at 77.3 K is about  

and is not high.  Now the fabrication technique is improved 

and the critical current density is much higher.  Hence, the 

three-dimensional pinning regime will hold over a wide 

range of film thickness and the prediction on the thickness 

dependence on the relaxation property is expected to work. 

As shown in the above the present theoretical approach 

is useful to estimate  in superconductors with APCs even 

under the appreciable effect of flux creep. It is even 

possible, therefore, to design  in the desired condition of 

temperature and magnetic field for specific application. 

That is, if the condition of application is fixed, the 

coherence length and the number density of flux lines are 

determined. We can select RE element and M in BMO to 

obtain a suitable size of pinning centers, which should be 

only slightly larger than the vortex core diameter. The 

matching condition under the aimed magnetic field is 

desired and the suitable amount of pinning centers to be 

added is determined. In this case it will be possible to 

estimate the enhanced upper critical field. It is also 

important to select the suitable thickness of the 

superconducting layer to reduce the effect of thermal 

activation. Then, the -  characteristics can be calculated 

using the theoretical model with the assumed pinning 

parameters, and we can obtain   under the influence of 

flux creep using the electric field criterion suitable for the 

desired application. It is recommended to search the 

optimum condition of the size and number density of the 

pinning centers for the maximum  value. 

 

 

4. CONCLUSION 

 

In this paper the improvement of  properties in 

REBa2Cu3O7-x coated conductors with APCs is discussed. 

APCs are useful to improve not only  itself but also the 

field-angle anisotropy, high-field property and creep rate. 

The contribution of APCs to the overall  can be simply 

calculated with the linear summation model and the effect 

of thermal activation can be correctly estimated using the 

theoretical model of flux creep and flow. The 

superconducting layer thickness prays an important role in 

determination of the effect of flux creep: Thicker 

superconductor weakens the effect through a larger 

pinning potential, resulting in a higher irreversibility field 

and lower creep rate. The introduction of APCs is also 

beneficial from the viewpoint of improvement of the upper 

critical field, since the interfaces between APCs and 

superconducting matrix scatter electrons and reduce the 

coherence length. It is in principle possible to achieve the 

optimum pinning condition by properly designing APCs 

using the theoretical models of summation and flux creep 

and flow. 

 

 

APPENDIX 

 

     The flux creep and flow model [12] is introduced here 

for the theoretical analysis of electromagnetic property 

under the flux creep in the magnetic field normal to the 

superconducting film. The key parameter that determines 

 under the flux creep is the pinning potential, , which 

can be estimated using the virtual critical current density 

 in the creep-free case. The dimensionality of flux 

pinning in the normal magnetic field is determined by the 

longitudinal flux bundle size  relative to the supercon- 

ducting layer thickness . In the three-dimensional pinning 

( ) the pinning potential is given by 

 

(A1) 

 

and in the two-dimensional pinning ( ) the 

longitudinal flux bundle size is replaced by  and we have 

 

(A2) 

 

TABLE Ⅴ 

SPECIFICATION OF PLD-PROCESSED YBa2Cu3O7-X SAMPLES WITH DIFFERENT SUPERCONDUCTING LAYER THICKNESSES. 

Sample  in the self-field [ 10
10

 Am
-2

]  [ m]  [K] 

No. 1 

No. 2 

No. 3 

2.60 

2.02 

1.53 

0.50 

1.00 

1.50 

88.4 

88.2 

88.4 

 

 

 
 

Fig. 16. Thickness dependence of irreversibility field 

along the -axis of YBa2Cu3O7-x coated conductors at 

77.3 and 80 K [36]. Open symbols show theoretical 

predictions and lines are guide for eye. 
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In the above  is the number of flux lines in the flux 

bundle, which is given by 

 

(A3) 

 

where  is the shear modulus of flux line lattice. In the 

virtual flux creep-free case the flux line lattice will be 

perfect and the shear modulus is theoretically given as [37] 

 

(A4) 

 

Under the influence of thermal activation  is 

considered to be appreciably reduced from ; in the 

liquid state  is reduced to zero. It is not possible to 

theoretically determine the value of  in the practical 

situation. Then, it was proposed to determine   based on 

the principle of irreversible thermodynamics to maximize 

the practical  value under the flux creep [27]: 

 

(A5) 

 

where  is the trail frequency,  is the electric field and 

 is the value of  for a perfect triangular flux line lattice 

given by 

 

(A6) 

 

and  is the value of  when  is equal to .  

     The magnetic field dependence of  in a given 

temperature is assumed as Eq. (10). The statistical 

distribution of  in Eq. (10) is approximated as [12] 

 

(A7) 

 

where  is the most probable value of ,  is a 

parameter representing a distribution width and  is a 

normalization constant. The  vs.  curve is calculated and 

the  value is determined with the electric field criterion. 

The detail of the analysis is described in [12]. 
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