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1. INTRODUCTION 
  

Modern superconducting films of ReBCO (Re could me 
Y, Gd, Sm or other rare earth element) on metallic 
substrates, usually named as coated conductors (CC) are 
the most promising superconducting materials for different 
applications. Unfortunately, complicated and highly 
anisotropic nature of the superconducting properties of this 
material slows the devise designing process. Critical 
current Ic isotropy over the external magnetic field is 
usually needed both in low field region (cables and fault 
current limiters) and in high field (magnetic systems).  

The pinning structure of the CC is in charge both the 
values of Ic in magnetic fields and it’s angular behavior. 
There are three types of the pinning sites in 
superconductors: 1D, 2D and 3D defects [1]. The first type 
represents columnar defects that were obtained firstly by 
using of heavy ion irradiation. Recently, the doping of 
ReBCO by BaZrO3 (BZO) showed the opportunity of 
making columnar pinning centers [2]. Creation of this type 
of defects transforms the Ic(θ) curve and results in 
appearence of a broad peak with the maximum near H||c 
orientation [3] 2D defects are the planar pinning sites like 
grain boundaries that make a great contribution to the 
resulting Ic value. 3D defects are the nanoscale particles. 
There are different types of these particles like the same 
BZO, Y2O3 and others [4, 5]. All of them flatten the critical 
current angular distribution. 

The goal of this work was to obtain and analytically 
describe the critical current angular distributions over the 
magnetic field direction in a wide field range. Experiments 
were made on the 4 mm wide GdBCO tape manufactured  

by SuNAM Co.,Ltd in the magnetic field range from 0 to 
5 T. The analytical explanation of these distributions was 
also in the focus of the work. 

 
 

2. EXPERIMENTAL DETAILS AND 
THEORETICAL APPROACHES 

 
2.1. Measurement system 

For the in-field angular transport measurements of 
critical current the special rotating insert was designed. As 
a field source the Cryogenic 8T Cryogen-Free Magnet with 
the vertical magnetic field was used. So to do Lorenz force 
configuration measurements, the sample should be placed 
and rotated about the horizontal axis. Fig. 1 shows the 
design of the rotating sample mechanism. The shaft goes 
from the low-temperature area up to the stepping motor, 
placed on the top of the insert. Flexible current leads were 
used. To avoid sample deformation during rotation the 
leads were fixed on the backside of the sample holder 
(don’t shown on the scheme). Flexibility of these leads 
impose the limitation of 150 A on the maximum value of 
transport current used in the measurements. That fact made 
transport measurements impossible in the fields lower than 
0.3 T for 4 mm SuNAM sample due to large Ic value of the 
samples. By using described measuring system one can 
make transport measurements of the critical currents in the 
angular range of 210o with the minimum angular step of 
1.8o.  

Transport measurements were made on the 30 mm long 
and standard 4 mm wide tape by use the four probe method. 
Self-field critical current of the tape was obtained 
separately and was equal of about 223 A. 
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For many applications of ReBa2Cu3O7-x (ReBCO) tapes it is needed to know the anisotropic properties of the used conductor in 
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path model was applied to the angular distributions of the critical current in magnetic field. Good agreements of the experimental 
data with the analytical expressions were obtained that confirm the vortex path model approach.  
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Fig. 1. Sample rotating insert: 1 - sample holder; 2 - 
rotating gears; 3 – shaft; 4 - centering ring; 5 – perforation 
for liquid nitrogen flow; 6 – main insert tube. 
 
2.2. Model for angular dependence of Ic(θ) 

There are several theories to analyze the Ic angular 
curves. The first one was developed by Blatter et al. [6]. 
His collective pinning theory was dealing with the weak 
intrinsic pinning centers like oxygen vacancies, which may 
pin the vortex. The origin of the angular dependence of 
physical properties was described in a very general way by 
introduction of an anisotropic parameter ε, which is the 
proportion of electron masses in two directions (over the 
ab-plain and over the c-axis). As it was observed in the 
experiment [7], the form of the angular current distribution 
changes with increasing of magnetic field. A varied ε 
parameter needs to be introduced to describe this effect. It 
sometimes has to be lowered up to 2 to fit experimental 
data, weather normal values for ReBCO are 5 to 7, but the 
nature of this reduction is not clear. Also, unfortunately, 
the way of using this approach for extrinsic pinning has not 
been offered. So this is not very flexible model to describe 
various pinning structures of modern CCs. 

To describe angular distributions of critical currents 
Long introduced another approach [8] called vortex path 
model. According to this theory, Ic is defined by the 
amount of pinning sites in the crystal directions of c and ab. 
Vortex, traversing the film, goes along these sites making 
energetically favorable form of staircase. The general 
vortex direction follows the way of the external field. Such 
a random walk in a certain direction through the sample is 
made and according to the big number of vortex steps made 
it could be interpreted as a statistical process. Using this 
assumptions Long derived the angular Gauss (1) and 
Lorenz (2) distributions for the Ic(θ) dependences for the 
corresponding pinning sites distributions. 

 
 𝐼𝑐

(𝐺) = 𝐼0
√2𝜋𝜎𝑠𝑖𝑛2𝜃

exp (− 1
2𝜎2𝑡𝑎𝑛2𝜃

),      (1) 
 
𝐼𝑐

(𝐿) = 1
𝜋

𝐼0𝛾
𝑠𝑖𝑛2𝜃+𝛾2𝑐𝑜𝑠2𝜃

 ,           (2) 
 

I0, γ and Ϭ are the distribution parameters describing the 
height and width of the distribution. The interesting feature 

of the Lorenzian is that it becomes isotropic if the γ 
parameter is 1. 

Further Longs work describes more statistical method of 
obtaining this distribution – method of minimizing 
information entropy [9]. In this work he switches from 
pinning force to the probability of pinning in the exact 
volume of the film and minimizes the information entropy 
using several constraints. The resulting obtained 
distributions were the same. This way of deriving angular 
distributions is complicated from the microscopic 
standpoint but statistical nature of the approach makes 
clear the fact of summation different distributions to fit 
experimental data, due to the summation of pinning 
probability distributions. 

In this study we have used Lorenz distributions only but 
in the amount of 3 to describe obtained experimental 
results. The first Lorenzian describes the peak in the H||ab 
direction (Ic

(ab1)(θ)), the second one was used to fit the peak 
in H||c direction (Ic

(c)(θ)). The third Lorenzian (Ic
(ab2)(θ)) 

was used to describe the isotropic contribution to the Ic(θ) 
distribution in the fields up to 2 T with the γ parameter 
equals to 1. For higher fields it fits the broad peak in H||ab 
direction. The final fitting equation consists only of these 
three Lorenzians and it should be noted that no additional 
parameters were used (such as constant lift of Ic): 

 
𝐼𝑐(𝜃) = 𝐼𝑐

(𝑎𝑏1)(𝜃) + 𝐼𝑐
(𝑐)(𝜃 + 90) + 𝐼𝑐

(𝑎𝑏2)(𝜃).      (3) 
 
We found no need to use Gauss distributions for fitting 

this experimental data.  
 
 

3.RESULTS AND DISCUSSION 
 

The critical current angular distributions were obtained 
for 0 to 5 T field range and angles from -90o (H||c) through 
0o (H||ab) to +120o with the angular step of 1.8o. Fig. 2 
shows the 3D surface of experimental data in the 
logarithmic scale over the Ic axis, indicating the basic 
aspects of the angular distribution evolution: from 
isotropic self-field conditions to anisotropy in high fields. 
Self-field line was measured at another transport current 
measuring system (as it was mentioned). A number of 
experiments were made and results were averaged 
distributed for the full angle range. Errors for high field  

 

 
 
Fig. 2. 3D surface of critical current (logarithmic scale) 
over the external magnetic field and its orientation. 

7



 
Angular distributions of the critical current of ReBCO coated conductors in magnetic field up to 5T 

 
 

 

 
 

Fig. 3. Angular distributions of critical current in different  
magnetic fields: (a) 0.3 T; (b) 0.7 T; (c) 5 T. Solid curve 
indicates the analytical fit. 

 
data are so visible because of low critical currents in this 
field region and it is increased by the logarithmic scale. 

Fig. 3 shows three basic forms of measured angular 
distributions: low-field with flat shoulders, low-field with 
the H||c-peak and high–field with raised shoulders. Fig. 3 
(a) represents the angular curves for the field 0.3 T. The 
solid curve is a full fitted distribution with standard central 
peak in the H||ab angle area. The fitting accuracy was very 
high: 0.54% (sum of absolute error for all points 
normalized with the sum of experimental critical currents). 
Fig. 4 (a) shows three sub-distributions of the data as it was 
described in previous section. Planar pinning on spacer 
layers between CuO planes is the main reason for the 
Lorenz H||ab1 peak [7]. The great isotropic contribution is 

 
 

Fig. 4. Three fitted Lorenz distributions of critical current 
are presented for different magnetic fields: (a) 0.3 T; (b) 
0.7 T; (c) 5 T. 

 
observed for this field area. Manufacturer describing its 
Reactive Co-Evaporation by Deposition & Reaction 
method of making CCs emphasized fast conversion from 
amorphous glassy phase to superconducting phase, which 
can lead to higher amount isotropic pinning sites like grain 
boundaries. A small c-peak is observed in this field. It is 
also reported, that during the deposition process on the 
commercial substrates a certain amount of c-axis pinning 
sites are formed [10]. Also manufacturer indicated that no 
artificial pinning sites were introduced into the film, so the 
small height of this peak is expected. Fig. 3 (b) represents 
the data with the fitting for the 0.7 T magnetic field. Higher 
peak in the c direction with the narrower ab-peak are 
observed. This is due to the lowering of isotropic pinning 
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contribution that reveals other pinning subsystems. Fig. 4 
(b) shows the partial distributions in both directions (ab- 
and c-) together with the isotropic part. Fitting accuracy for 
this field was 0.72%. 

Fig. 3 and 4 (c) show the same curves for the field of 5 T. 
The ab-peak shoulders are much higher there. Fitting 
shows that the peak, which corresponds the spacer layer 
pinning, becomes very narrow. That reveals the real 
intrinsic pinning. At the same time, the isotropic 
distribution transforms into broad peak in the H||ab 
direction. The peak in the H||c direction almost vanishes in 
the fields higher 3 T. Fitting accuracy for 5 T was not very 
high: 7.29%. That is due to low critical current values, 
which affect the relative error.  

Fig. 5 shows the consistent reduction of the fitted 
distribution amplitude for H||ab direction (I0

(ab1) and I0
(ab2)) 

and peak in the H||c distribution amplitude (I0
(c)). The 

maximum contribution of H||c peak was observed at 0.7 T 
with the value of 22.28 A (remember 1/π coefficient in the 
angular Lorenz distribution). 

Fig. 6 shows the anisotropy parameter evolution for the 
whole field range. The grown indicates the fact that all the 
distributions become narrower with the increasing field. 
For the H||c γ parameter the peak is observed, but only for 
the fields under 0.7 T. So the peak width is more dependent 
of the pinning structure saturation with the raising field. It 
is also seen that the γ parameter for H||ab2 distribution 
starts to rise only after 2 T. 

 

 
 

Fig. 5. Fitted distribution amplitude I0 for all three 
distributions used for data fitting. 
 

 
 

Fig. 6. Fitted anisotropy parameter for all three 
distributions used for data fitting. 

4.CONCLUSIONS 
 

In this work the experimental technique for obtaining 
angular distributions in the wide range of magnetic field is 
described. New results for 4 mm GdBCO commercial tape, 
manufactured by SuNAM in the 0.3T to 5 T field range and 
210o angular range were obtained. In the frame of the 
vortex path model all data was fitted by using three 
Lorenzian distributions with very low relative error for the 
most of magnetic fields. We have concluded that the 
vortex path model explains the angular dependences of Ic 
in the whole measured field range. The small H||c peak was 
observed in the lower field range, and it almost vanished in 
high fields. The isotropic pinning part was successfully 
fitted by using angular Lorenzian distribution and its 
transformation into a broad H||ab peak in high field region. 
The evolution of all fitted distribution parameters is 
presented for the first time in this study. 
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