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Abstract

We have developed a characterization method for two-dimensional imaging of

critical current density in coated conductors (CCs) based on scanning Hall-probe

microscopy (SHPM). The distributions of the magnetic field around a sample were

measured for several different conditions of external magnetic fields, and then were

converted to those of the sheet current density which flowed to shield the external

magnetic field or to trap the penetrated magnetic field. As a result, it was found that the

amplitude of the sheet current density corresponded to that of critical current density

almost in all the area of the sample except for the region where current direction

changed. This indicates that we could obtain an in-plane distribution of the critical

current density with a spatial resolution of around 100 pm in non-destructive manner by

this method. We believe that this measurement will be a multifunctional and

comprehensive characterization method for coated conductors.
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1. Introduction

Non-destructive characterization methods for investigating the homogeneity of
critical current density in REBa,Cu3;07-5 (REBCO, RE: rare earth) coated conductors
(CCs) are indispensable for their further performance improvement and quality control
necessary in the stage of industrial production. Magneto-optic imaging (MOI) [1, 2] is a
powerful method for visualizing local inhomogeneity in CCs with a very good spatial
resolution. TAPESTAR™ [3, 4] is a well-known method for estimating longitudinal
distribution of critical current in CCs. However, MOI may not be able to give a
standardized calibration method for a quantitative characterization because of the
individual variability of the indicator films and the photographing settings of brightness
and contrast changed with measurement conditions. Furthermore, TAPESTAR™ cannot
give information about the inhomogeneity in the width direction of a CC with an
enough spatial resolution, while such information is very important in processing for
multifilamentary CCs as well as in cutting for finer CCs. Magnetoscan [5, 6] may
overcome these problems. However, magnetoscan also needs a careful calibration for a
quantitative characterization because the electromagnetic behavior in a sample strongly
depends on the scanning speed, the distance between the sample and the permanent
magnet and so on. For the compensation of these characterization methods, we
developed a scanning Hall-probe microscopy system for two-dimensional imaging of

critical current density in CCs in this study.



2. Methods

2.1. Measurement System

Fig. 1 shows the setup of the measurement system. The system has two liquid

nitrogen tanks; one is for current leads, and the other is for a cooling stage. A sample

together with a Bi-2223 coil used for external magnetic field to the sample was cooled

by heat conduction from the cooling stage. Typical temperatures of them become the

same as 79 K. The Hall probe is located above the sample. The active area of the Hall

sensor is 50 um x 50 pum, and perpendicular component of the magnetic field, B., is

measured by this sensor. The Hall probe can be scanned with a spatial resolution of 1

pum, 1 pm and 0.25 um in x, y and z directions, respectively. We measured distributions

of the magnetic field around the sample for several different conditions of external

magnetic field, and then converted them to those of sheet current density which flowed

to shield the external magnetic field or to trap the penetrated magnetic field.

2.2. Sample

Fig. 2 shows the setup of the sample. We selected a sample from Fujikura Ltd. for

this measurement. The sample was cut from a 10-mm-wide tape fabricated by

reel-to-reel processes. The original tape had a critical current of 620 A at 77 K with

respect to 2.5-um-thick GdBa,Cus;07-5 layer deposited by pulsed laser deposition.
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2.3. Data Analysis

Because of the distance between the Hall sensor and the superconducting layer,
spatial harmonics are reduced in the distribution of measured magnetic field compared
with the case of magnetic field just in the plane of superconducting layer, B.y. Roth et al.
reported a method for restoring the distribution of B, from that of B. as follows [7]:

B.y(k k) =" B (k,.k,) (1)

where §Z is the Fourier transformation of B.. The variables k. and £, are the
components of the wave number K, and & is the absolute value of k given by ./ kx2 + ky2 .
The constant zjifof 1S the distance between the sensor and the superconducting layer of
the sample. Furthermore, if we assume in-plane 2D current distribution in the sample,
1.e., sheet current density in xy-plane, J, the distribution of J can be derived analytically
from that of measured B. based on the inverse problem of Biot-Savart law. Roth et al.
also reported a method for that, and x and y components of J, J, and J,, are expressed as

follows [7]:

J (k. k )——ilﬁe’”“ﬂ-oﬁﬁ k., k) Q)
x x>y ‘LCO k z x>y

~ . 2 k kz,: e

J (k. k)=i——=>e"""B (k_,k 3
yky k) ok (koK) 3)

where J_ and J , are the Fourier transformations of J; and J,, respectively. According
to the increment of zjin.of, spatial harmonics of §Z are weakened especially at large k.
Egs. (1), (2) and (3) indicate that such harmonics should be amplified by the term of

e to restore the magnetic field just at the current sheet. However, at very large £,
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the harmonics are weakened down to a noise level of the measurement. This means that

we should give up the information of such large . We used a Hanning window, w(k), as

a low-pass filter:

(4)

1+ cos| i T
w(k) = 2““"’“ fork <k

0 fork >k

cut-off
cut-off

The parameter koot 1S the cut-off wavenumber, and the corresponding cut-off

wavelength, Acyroff (= 27 / keur-off), determines the spatial resolution of the obtained

distribution of J.

2.4. Procedure

After the sample was cooled down to 79 K in zero-field condition, the external

magnetic field was increased from 0 mT to 105 mT. Furthermore, remanent magnetic

field after the application of 120 mT was also measured.

3. Results and discussion

3.1. One-dimensional Distributions along the Width

Fig. 3 shows the measurement results on one-dimensional distributions of (a) the

measured magnetic field, (b) the in-plane magnetic field and (c) the sheet current

density along the width of the sample. The location was indicated by the arrow in Fig. 2,
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and the results were obtained for several different conditions of external magnetic field,

Bex. It can be seen that the magnetic field penetrates from the edges of the sample as the

external magnetic field increases. At Bex ~ 60 mT, the magnetic field penetrates almost

to the center of the sample. Similarly, the sheet current density was induced to shield the

external magnetic field, and flowed largely from the edges of the sample. Such regions

of the sheet current density spread from the edges to the center of the sample as the

external magnetic field increases.

It should be noted that the amplitude of the sheet current density changes with the

experienced magnetic field. When the amplitude of the sheet current density was plotted

as a function of the experienced magnetic field on double logarithmic plot, we could

obtain the graph shown in Fig. 4 (a). The graph shows the results for several different

positions in the width direction. Furthermore, when the sheet current density was

normalized by its value at B,y = 23 mT, the normalized sheet current density, J,, lied on

the same curve independent of the position as shown in Fig. 4 (b). Then, the curve could

be described very well by the following expression:

B -0.05

= J(23mT)  for B,,<23mT
23mT

J(B.,) = : (5)

B —-0.32
20 J(23mT)  for B, >23mT
23 mT

To understand these phenomena, we also carried out a theoretical analysis on the

assumption of critical state model [8]. When we supposed the critical current density, J.,



to be a constant value of 40 A/mm, we could obtain the results shown in Fig. 5 (a). It

can be seen that current flows at the amplitude of critical current density from the edges

of the sample, and such region spreads almost to all the width of the sample except for

the central position where current direction changes. Taking the condition of the

remanent magnetic field for example, the current flows at the amplitude of critical

current density except for 300-um-wide region at the center of the 10-mm-wide sample.

This means that we could estimate the distribution of critical current density almost in

all the region of the sample in non-destructive manner by this method. However, the

results in Fig. 5 (a) did not agree well with the measurement results in Fig. 3 (¢).

On the other hand, when we consider the dependence of the magnetic field on the

critical current density by Eq. (5), we could obtain the results shown in Fig. 5 (b).

Furthermore, when their spatial resolution was matched to that of the measurement

results, i.e., considering Eq. (4) with Acyr.or = 120 um, we could obtain the results shown

in Fig. 5 (c). It can be seen that the theoretical results shown in Fig. 5 (c) agree very

well with the measurement results shown in Fig. 3 (c). From this point of view, it could

be concluded that we obtained the distribution of critical current density influenced by

each experienced magnetic field. This means that we can also estimate the intrinsic

distribution of critical current density, i.e., independent of the distribution of magnetic

field in the sample, by considering the dependence of magnetic field on the critical

current density such as Eq. (5).



3.2. Two-dimensional Distributions in the Plane

Fig. 6 shows the measurement results on two-dimensional distributions of the

measured magnetic field, the in-plane magnetic field and the corresponding sheet

current density in the sample. The results were obtained for a remanent magnetic field

after the application of B.x = 120 mT. The magnetic field is trapped in the sample, and

the corresponding loop current flows in anticlockwise direction in the sample. As

mentioned above, the amplitude of current density corresponds to the critical current

density almost in all the area of the sample except for the region where current direction

changes. From this point of view, it could be concluded that we could visualize

two-dimensional distribution of critical current density in the sample by this method.

Furthermore, considering the dependence of the magnetic field on the critical current

density such as Eq. (5), we can also estimate an intrinsic distribution of critical current

density independent of that of magnetic field. For example, the figure also shows the

distribution of critical current density at B, = 23 mT. As a result, it can be seen that

there are some defects in the sample while the distribution of critical current density is

relatively uniform. We believe that these findings obtained by this measurement method

will be very important for further performance improvement of CCs, processes for

multifilamentary CCs for AC losses reduction and quality control necessary at industrial

production.
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4. Conclusion

We developed a characterization method for two-dimensional imaging of critical

current density in CCs by means of scanning Hall-probe microscopy. We measured the

distribution of magnetic field around the sample for several different conditions of

external magnetic field, and converted them to the corresponding current distribution. It

was found that the current flowed at the amplitude of critical current density almost in

all the region of the sample for high enough external magnetic fields and for a remanent

magnetic field after the application of high enough external magnetic fields.

Furthermore, it was also found that we could estimate an intrinsic distribution of critical

current density by considering the dependence of magnetic field on the critical current

density. We believe that this measurement method will be a multifunctional and

comprehensive characterization method for CCs.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5

Fig.6

Setup of the scanning Hall-probe microscopy system.

Setup of the sample of a piece of 10-mm-wide GdBa,Cu;07-5 coated conductor.

Measurement results on the distributions of (a) measured magnetic field, B., (b)

in-plane magnetic field B.y, and (c) sheet current density, J,, along the width of

the sample. The location is indicated in Fig. 2. The distributions were obtained

for different conditions of external magnetic field, Bex.

(a) sheet current density, J, and (b) the normalized one, J,, as a function of

experienced magnetic field, B.o, obtained for different width positions, y.

Theoretical results on the distribution of sheet current density, .J,, along the

width of the sample obtained from (a) critical state model, (b) the model

considering Eq. (5), and (c) the model considering Eqgs. (5) and (4). The

distributions were obtained for different conditions of external magnetic field,

BGX'

Measurement results on the two-dimensional distributions of measured magnetic

field, B, in-plane magnetic field B.o, and sheet current densities, J,, J,, and J.

Critical current density J, for B.o = 23 mT is also estimated in the figure.
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Typical stage temperature: 79 K

Active area of Hall sensor: 50 pm square
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Fig. 1
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Sheet current density
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