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Abstract— The characterisation of the critical current density 

of bulk high temperature superconductors is typically performed 

using magnetometry, which involves numerous assumptions 

including, significantly, that Jc within the sample is uniform. 

Unfortunately, magnetometry is particularly challenging to apply 

where a local measurement of Jc across a feature, such as a grain 

boundary, is desired. Although transport measurements appear to 

be an attractive alternative to magnetization, it is extremely 

challenging to reduce the cross-sectional area of a bulk sample 

sufficiently to achieve a sufficiently low critical current that can be 

generated by a practical current source.  

In the work described here, we present a technique that enables 

transport measurements to be performed on sections of bulk 

superconductors. Metallographic techniques and resin 

reinforcement were used to create an I-shaped sample of bulk 

superconductor from a section of Gd-Ba-Cu-O containing 15 wt 

% Ag2O. The resulting superconducting track had a cross-

sectional area of 0.44 mm2. The sample was found to support a 

critical current of 110 A using a field criterion in the narrowed 

track region of 1 μV cm-1. We conclude, therefore, that it is 

possible to measure critical current densities in excess of 2.5 x 108 

A m-2 in sections of a bulk superconductor. 

 

Index Terms— Critical current density, current transport 

measurements, high temperature superconductors, rare-earth 

barium copper oxide  

 

I. INTRODUCTION 

HE CRITICAL CURRENT DENSITY, Jc, denotes how much 

current a superconductor can carry before it starts to 

become resistive. As such, it is essential to be able to quantify 

this parameter accurately for different superconducting systems 

and materials. In the case of bulk rare earth [(RE)BCO (where 

RE is Y, Sm, Gd or Nd )] superconductors Jc is usually 

estimated from the magnetic moment (or magnetization) of a 

sample of well-defined geometry measured in an applied 

 

 
 

magnetic field. It is usually assumed in this calculation that the 

sample is uniform throughout its volume and that its behaviour 

is described by Bean’s critical state model [1]–[3]. 

However, when Jc across a sample is not uniform, the 

conversion between magnetization and Jc becomes non-trivial. 

Jc decays exponentially with grain misalignment angle in tape 

superconductors [4]–[6] and figure I demonstrates how such a 

region cannot be distinguished the basis of a simple 

magnetization measurement alone. Such issues are also relevant 

at growth sector boundaries, where the Jc may be significantly 

higher than in the rest of the bulk by up to a factor of four [7]. 

It is possible using SQUID magnetometry to apply minor 

hysteresis loop cycles to a granular, or polycrystalline, coated 

conductor sample in order to estimate the Jc
 of the grain and 

grain boundaries independently, in addition to estimating the 

grain size. However, this method does not yield information 

about individual features of the sample microstructure and, 

therefore, so is of limited use for investigating Jc as a function 

of field and angle [8]. This point is best illustrated by a 

quotation from [9]: “It is difficult to correlate local Jc properties 

with trapped field behaviour on the bulk superconductor.” 

Jc can also be investigated across a sample using an array of 

hall probes [10], [11] or magneto-optical methods [12], [13], in 

which a magnetically active material is placed on top of the bulk 

to directly observe the flux lines. These methods also require 

certain assumptions in order to numerically calculate Jc via the 

Biot Savart law whereas transport measurements only require 

the choice of a field criterion. 

Data from current transport measurements, where current is 

forced through the sample by a voltage, are therefore much 

T 

 

This work was supported by the Engineering and Physical 

Sciences Research Council, via a Doctoral Training Award 

(grant number is EP/L504920/1) and funding from grant 

number EP/K02910X/1. This work was also supported by 

the Boeing Company. All data are provided in full in the 

results section of this paper. 

Corresponding Author: J.P. Rush (email: 

jpr47@cam.ac.uk) 

M   

I   

) i (   

M   M   

I   I   

High angle   
grain boundary   

( ii )   

  
  

  

Figure I. Typical magnetization loops for (i) a homogenous material and (ii) 

a material with an inhomogeneity (e.g. a grain boundary). Note that it would 
not be possible to determine the value of the critical current at the grain 

boundary simply from the magnitude of the magnetization alone. 
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easier to interpret. In this case Jc is defined simply as the current 

divided by the cross-sectional area of the sample when the 

electric field generated across a well-defined section, such as 

between two voltage tapes, reaches a critical value [14] (1 

μVcm-1 is commonly used e.g. in [14]–[16]). By patterning the 

sample in the correct position, such as has been done for coated 

conductors in [17], [18], it is possible to select particular 

microstructural features of interest, including grain and growth 

sector boundaries. 

Whereas magnetization methods are relatively quick and 

easy to perform, several assumptions are made about the path 

of the current. Crucially in transport measurements, the current 

is forced to travel across a specific feature and in a particular 

direction. This allows relatively easy characterisation of the 

behavior of Jc as a function of applied field, field angle and 

temperature.  

Practical transport measurements are difficult to perform in 

bulk (RE)BCO superconductors and, as a result, relatively little 

work has been performed in this area recently. As the Jc of bulk 

superconductors continues to rise, higher currents or, 

conversely, lower cross sectional areas are required to see the 

transition from superconducting to normal at around Jc. 

Experimentally, DC transport measurements have become 

more difficult to perform and as such work has largely been 

abandoned in the last twenty years [6], [19]–[23]. In [19], there 

is a discrepancy of an order of magnitude between the Jc 

obtained via magnetization and transport techniques, which is 

mostly unexplained. 

 Preparation of the bulk sample for transport current 

measurements must be carried out very carefully to avoid 

introducing cracks and holes into the sample microstructure. In 

addition, Jc varies strongly with temperature [24], [25], so the 

contact resistance must be low to avoid local heating during the 

measurement. Therefore, the sample must be loaded carefully 

with sufficient pressure to keep the contact resistance low, but 

not so much that the sample cracks at the weaker thin, notched 

section. A method for testing bulk samples has been developed 

in which a notched, dog-bone shaped section is prepared. Such 

a method could be extended easily to characterise the behaviour 

of interesting microstructural features of the samples, such as 

growth sector boundaries. 

II. METHODOLOGY 

A. Sample Preparation 

Single grain, GdBCO bulk superconductors doped with 15 

wt % AgO2, corresponding to the composition that achieved a 

record trapped field in 2014 [26], were used in this study. HTS 

bulks often contain many internal cracks and voids generated 

during the melt process and, therefore, the preparation of 

notched, dog-bone sections requires careful application of 

metallographic techniques to ensure that the sample retains its 

structural integrity during preparation. 

Each bulk sample was cut initially into circular discs using a 

diamond cutting wheel. Each disc had a thickness of between 

0.3 and 0.8 mm, which allows typically for 10 circular sections 

to be cut from each bulk sample. At this stage, the slices could 

be thinned further using P800 SiC paper and their surfaces 

buffed using P2400. These discs were then cut into three 

rectangular bars of width approximately 5 mm. The thickness 

of the bars was found to an accuracy of ± 0.02 mm using 

Vernier calipers. 

The surfaces of the samples were cleaned thoroughly using 

acetone prior to the application of silver paint to their ends to 

form two current pads of approximate dimensions 5 mm x 5 

mm. The silver was then annealed into the sample in an oxygen 

furnace at 400 oC for one hour in order to reduce the contact 

resistance, as reported previously [27]. The rectangular bars are 

subsequently backed using the two part resin, Stycast 2850FT. 

The bars are notched from one side using the diamond cutting 

wheel and the notch resin-reinforced. The second notch is 

carefully aligned with the first and a bridge of between 0.4 and 

1.0 mm is created. The notch width is investigated using an 

optical microscope with an expected accuracy also of ± 0.02 

mm. Finally, Stycast is added to the final notch and the sample 

preparation is complete, with the sample used in this 

investigation seen in figure III. 

Figure III. A notched sample reinforced with Stycast. The cross-sectional area of 

the bridge is 0.44 ± 0.03 mm2. The sample is approximately 5 mm wide, 25 mm 

long and 0.70 ± 0.02 mm thick, with a bridged width of 0.65 ± 0.02 mm. 

25 mm 

12 mm 

Figure II. A silver loaded, single grain GdBCO bulk superconductor used in 

this experiment. Each bulk typically yields 20 dog-bone sections suitable for 
transport current measurements. 
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B. Sample Mounting 

The sample is mounted by firmly clamping it against a 

Tufnol block using indium foil beneath a copper block, as 

shown in figure IV. It is important that enough pressure is 

applied to the contacts that good surface connectivity is 

achieved, but not so much that the fragile bridged section 

cracks. It was found that a torque of ~ 0.3 N m on a 5 mm screw 

was optimum. Using this technique, a resistance of 50µΩ cm2 

was found across the two pads (each approximately 0.3 cm2 in 

area). 

Voltage contacts were made using pogo pins that were 5 mm 

apart with indium pressed against the sample. By having 

independent voltage contacts as in a typical four-point 

measurement, the resistance of the circuit outside of the pins 

was ignored. 

C. Measurement Procedure 

The sample was left to cool in liquid nitrogen vapour for an 

hour before being completely immersed, thus minimising 

thermal shock. The current was then ramped up in well-defined 

steps with average rates of between 1.7 and 22 A s-1, as 

illustrated in figure V for an average ramp rate of 4.2 A s-1. If 

the supposed increase in E was due to heating, it is expected 

that the sample would go normal earlier at lower rates. This was 

Figure V. A typical current sweep for a ramp rate of 4.2 A s-1. The current was 

allowed to stabilise for some time before the voltage is measured, thus 

removing any frequency dependent components. 
Current contact 

Clamp 
Voltage contact Sample 

Figure IV. The sample for transport measurement clamped firmly against a 
Tufnol support. Indium is placed between the sample and the copper blocks 

with sufficient clamping pressure to ensure good electrical contact. 

 

Figure VI. Four E-J curves measured at 77 K using different ramp rates, each of which indicate a transition to the normal state at Jc = 2.5 x 108 Am-2.  

The shape of the curve is independent of ramp rate, which indicates that the effects of heating during the measurement are insignificant. These data are 

comparable to the values of Jc obtained from SQUID magnetometry, which are typically 5 ± 1 x 108  A m-2 [28]. 
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verified directly from the measured E-J curves, which were 

independent of average ramp rate. Noise in the measurement 

was minimised by allowing the current to settle (thus avoiding 

any time-transient effects from increasing the current which 

allows a true DC measurement to be taken) before the voltage 

was measured using shielded, twisted wire pairs and a Keithley 

2128A nanovoltmeter, which was set to average the signal over 

three power line cycles [NPLC = 3]. 

This ramping is distinct from work such as [22], in which the 

current is pulsed through the sample over a short period of time 

which makes it difficult to obtain an accurate result due to the 

time related effects involved in vortex motion. 

III. RESULTS AND DISCUSSION 

It was found that a sample with cross-sectional area 0.44 mm2 

exceeded the 1 μV cm-1 field criterion at a current of 110 A, 

corresponding to a critical current density of 2.5 x 108 A  m-2. 

The reproducibility of the E-J curves for the different ramp rates 

shown in figure VI indicates that sample heating effects are 

negligible, since consistent values of Jc are observed (shape of 

the curves is independent of the rate at which the current was 

stepped). This is a strong indication that the sample was not 

heating significantly during the period of the test and that the 

measured Jc is a true value at 77 K. 

The value of Jc derived from the transport measurements is 

comparable to those obtained from SQUID magnetization 

measurements on melt processed GdBCO-Ag samples grown in 

the same batch, which typically yield critical current densities 

of (5 ± 1) x 108 Am-2 at 77 K [28]. There are many assumptions 

inherent to converting magnetization into critical current 

density using SQUID data, as outlined in the introduction. It is 

expected, therefore, that some level of discrepancy will exist 

between the two sets of data, although there are other 

explanations for these differences. 

It is possible that the sample underwent partial cracking 

either during preparation or during loading. The notches present 

in the dog-bone shaped section create a stress concentration 

during loading and therefore act as a site for cracks to propagate 

through the sample. Any microscopic crack can act as a region 

of poor connectivity and inhibit the flow of transport current 

across that region. 

Typical bulk samples contain a large amount of inherent 

inhomogeneity [29] and, therefore, it is entirely possible that an 

area with low Jc was selected for measurement. As a result, 

some variation in Jc is to be expected, with the magnitude of the 

fluctuation increasing as the size of the region being 

investigated decreases. 

Finally, there is some uncertainty in the exact value of Jc 

introduced by the uncertainty in the value of the cross-sectional 

area (~ 6 %). However, this uncertainty is also present in typical 

SQUID measurements in which a small cube of material is cut 

and the Jc calculated using Bean’s formula [1], with Jc inversely 

proportional to the fourth power of it’s length. 

IV. CONCLUSION 

There are compelling arguments that transport Jc 

measurements of bulk superconducting samples are easier to 

interpret than Jc measurements performed by traditional 

magnetometry. Transport measurements enable samples in 

which a two-dimensional irregularity, such as a growth sector 

or grain boundary, exists to be studied systematically. Field-

angle transport measurements across grain boundaries have 

been conducted on coated conductors and tapes, but relatively 

little work has been carried out on bulk superconductors. 

We have shown that it is possible to create a notched section 

of bulk, single grain GdBCO-Ag capable of supporting a DC 

current of 110 A using metallographic techniques and resin 

reinforcement to give a resultant Jc of 2.5 x 108 A m-2, which is 

comparable to the results of SQUID magnetometry 

measurements. 

REFERENCES 

[1] C. Bean, “Magnetization of Hard Superconductors,” Phys. Rev. 
Lett., vol. 8, no. 6, pp. 250–253, Mar. 1962. 

[2] C. Bean, “Magnetization of High-Field Superconductors,” Rev. 

Mod. Phys., vol. 36, no. 1, pp. 31–39, Jan. 1964. 
[3] Y. Shi, T. Hasan, N. H. Babu, F. Torrisi, S. Milana, A. C. Ferrari, 

and D. A. Cardwell, “Synthesis of YBa2Cu3O(7-δ) and Y2BaCuO5 

nanocrystalline powders for YBCO superconductors using carbon 
nanotube templates.,” ACS Nano, vol. 6, no. 6, pp. 5395–403, Jun. 

2012. 

[4] P. Chaudhari, J. Mannhart, D. Dimos, C. Tsuei, J. Chi, M. Oprysko, 
and M. Scheuermann, “Direct measurement of the superconducting 

properties of single grain boundaries in Y_{1}Ba_{2}Cu_{3}O_{7-

δ},” Phys. Rev. Lett., vol. 60, no. 16, pp. 1653–1656, Apr. 1988. 
[5] P. Chaudhari, R. Koch, R. Laibowitz, T. McGuire, and R. Gambino, 

“Critical-current measurements in epitaxial films of 

YBa_{2}Cu_{3}O_{7-x} compound,” Phys. Rev. Lett., vol. 58, no. 
25, pp. 2684–2686, Jun. 1987. 

[6] D. Dimos, P. Chaudhari, J. Mannhart, and F. LeGoues, “Orientation 

Dependence of Grain-Boundary Critical Currents in 
YBa_{2}Cu_{3}O_{7-δ} Bicrystals,” Phys. Rev. Lett., vol. 61, no. 

2, pp. 219–222, Jul. 1988. 

[7] H. Fujishiro, T. Naito, and M. Oyama, “Three-dimensional 
Simulation of Magnetic Flux Dynamics and Temperature Rise in 

HTSC Bulk during Pulsed Field Magnetization,” Phys. Procedia, 

vol. 36, pp. 687–692, Jan. 2012. 
[8] A. Palau, T. Puig, X. Obradors, and C. Jooss, “Simultaneous 

determination of grain and grain-boundary critical currents in Y Ba 

2 Cu 3 O 7 -coated conductors by magnetic measurements,” Phys. 
Rev. B, vol. 75, no. 5, p. 054517, Feb. 2007. 

[9] H. Fujishiro, T. Naito, D. Furuta, T. Arayashiki, Y. Yanagi, and Y. 

Itoh, “Direct J c measurements and trapped field profiles using an 
identical superconducting bulk,” Supercond. Sci. Technol., vol. 24, 

no. 10, p. 105003, Oct. 2011. 

[10] F. Hengstberger, M. Eisterer, M. Zehetmayer, and H. W. Weber, 
“Assessing the spatial and field dependence of the critical current 

density in YBCO bulk superconductors by scanning Hall probes,” 

Supercond. Sci. Technol., vol. 22, no. 2, p. 025011, Feb. 2009. 
[11] M. Eisterer, S. Haindl, T. Wojcik, and H. W. Weber, 

“ Magnetoscan : a modified Hall probe scanning technique for the 

detection of inhomogeneities in bulk high temperature 
superconductors,” Supercond. Sci. Technol., vol. 16, no. 11, pp. 

1282–1285, Nov. 2003. 

[12] A. Villaume, A. Antonevici, D. Bourgault, J. P. Leggeri, L. Porcar, 
and C. Villard, “Magneto-optical setup for in situ strain and 

transport measurements on superconductors.,” Rev. Sci. Instrum., 
vol. 79, no. 2 Pt 1, p. 023904, Feb. 2008. 

[13] M. R. Koblischka and R. J. Wijngaarden, “Magneto-optical 

investigations of superconductors,” Supercond. Sci. Technol., vol. 8, 
no. 4, pp. 199–213, Apr. 1995. 

[14] J. Ekin, Experimental Techniques for Low-Temperature 

Measurements : Cryostat Design, Material Properties and 
Superconductor Critical-Current Testing. OUP Oxford, 2006. 

[15] M. Dhallé, P. Toulemonde, C. Beneduce, N. Musolino, M. Decroux, 



EUCAS-15_3A-M-P-01.04 5 

and R. Flükiger, “Transport and inductive critical current densities 

in superconducting MgB2,” Phys. C Supercond., vol. 363, no. 3, pp. 
155–165, Nov. 2001. 

[16] B. A. Glowacki, M. Majoros, M. Vickers, M. Eisterer, S. Toenies, 

H. W. Weber, M. Fukutomi, K. Komori, and K. Togano, 
“Composite Cu/Fe/MgB 2 superconducting wires and MgB 2 

/YSZ/Hastelloy coated conductors for ac and dc applications,” 

Supercond. Sci. Technol., vol. 16, no. 2, pp. 297–305, Feb. 2003. 
[17] D. M. Feldmann, T. G. Holesinger, C. Cantoni, R. Feenstra, N. A. 

Nelson, D. C. Larbalestier, D. T. Verebelyi, X. Li, and M. Rupich, 

“Grain orientations and grain boundary networks of YBa2Cu3O7−δ 
films deposited by metalorganic and pulsed laser deposition on 

biaxially textured Ni–W substrates,” J. Mater. Res., vol. 21, no. 04, 

pp. 923–934, Mar. 2011. 
[18] M. Weigand, S. C. Speller, G. M. Hughes, N. A. Rutter, S. Lozano-

Perez, C. R. M. Grovenor, and J. H. Durrell, “Individual grain 

boundary properties and overall performance of metal-organic 
deposition coated conductors,” Phys. Rev. B, vol. 81, no. 17, p. 

174537, May 2010. 

[19] P. Vanderbemden, V. Misson, M. Ausloos, and R. Cloots, 
“Magnetic and transport measurements on melt-textured DyBCO 

single domains,” Phys. C Supercond., vol. 372–376, pp. 1225–1228, 

Aug. 2002. 
[20] J. Chunlin, F. Zhanguo, Z. Guofan, Z. Guiyi, B. Weimin, Z. 

Zhongxian, and G. Shuquan, “High J c YBCO bulk superconductors 

prepared by the zone reaction-melting process,” Supercond. Sci. 
Technol., vol. 4, no. 2, pp. 49–54, Feb. 1991. 

[21] J. W. Ekin, “Transport critical current in bulk sintered Y sub 1 Ba 
sub 2 Cu sub 3 O sub x and possibilities for its enhancement,” Adv. 

Ceram. Mater., vol. 2:3B, Jul. 1987. 

[22] L. Porcar, D. Bourgault, J. M. Barbut, X. Chaud, and R. Tournier, 
“Magnetothermal transition in YBCO melt textured materials,” 

Cryogenics (Guildf)., vol. 38, no. 12, pp. 1237–1242, Dec. 1998. 

[23] J. W. Ekin, K. Salama, and V. Selvamanickam, “High-transport 
current density up to 30 T in bulk YBa2Cu3O7 and the critical angle 

effect,” Appl. Phys. Lett., vol. 59, no. 3, p. 360, Jul. 1991. 

[24] R. Vaccarone, F. Parodi, R. Garre, and S. Ceresara, “Temperature 
and magnetic field dependence of the critical current density of 

YBCO with fine grains,” Phys. C Supercond., vol. 168, no. 1–2, pp. 

63–68, Jun. 1990. 
[25] J. Aponte, H. Abache, A. Sa-Neto, and M. Octavio, “Temperature 

dependence of the critical current in high-Tc superconductors,” 

Phys. Rev. B, vol. 39, no. 4, pp. 2233–2237, Feb. 1989. 
[26] J. H. Durrell, A. R. Dennis, J. Jaroszynski, M. D. Ainslie, K. G. B. 

Palmer, Y.-H. Shi, A. M. Campbell, J. Hull, M. Strasik, E. E. 

Hellstrom, and D. A. Cardwell, “A trapped field of 17.6 T in melt-
processed, bulk Gd-Ba-Cu-O reinforced with shrink-fit steel,” 

Supercond. Sci. Technol., vol. 27, no. 8, p. 082001, Aug. 2014. 

[27] J. W. Ekin, T. M. Larson, N. F. Bergren, A. J. Nelson, A. B. 
Swartzlander, L. L. Kazmerski, A. J. Panson, and B. A. 

Blankenship, “High Tc superconductor/noble-metal contacts with 

surface resistivities in the 10−10 Ω cm2 range,” Appl. Phys. Lett., 
vol. 52, no. 21, p. 1819, Jun. 1988. 

[28] Y. Shi, N. Hari Babu, K. Iida, W. K. Yeoh, A. R. Dennis, S. K. 

Pathak, and D. A. Cardwell, “Batch-processed GdBCO–Ag bulk 
superconductors fabricated using generic seeds with high trapped 

fields,” Phys. C Supercond., vol. 470, no. 17–18, pp. 685–688, Sep. 

2010. 
[29] C. D. Dewhurst, W. Lo, Y. H. Shi, and D. A. Cardwell, 

“Homogeneity of superconducting properties in SmBa2Cu3O7 − δ-

seeded melt processed YBCO,” Mater. Sci. Eng. B, vol. 53, no. 1–2, 
pp. 169–173, May 1998. 

 

 


