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Abstract
Transport measurements performed on a cross-sectional slice prepared from a bulk GdBa2Cu3O7-x-Ag single-grain super-
conductor of 25 mm in diameter are described and the results presented. The sample, which was fabricated via the buffer-
assisted top-seeded infiltration growth process, was capable of trapping a maximum magnetic field of ~ 1 T at 77 K. Transport 
measurements on superconducting, bulk single-grain RE-Ba-Cu-O [(RE)BCO] samples are generally very challenging due 
to their large critical current densities and poor mechanical properties. We present a straightforward and reliable approach 
to prepare reproducibly specimens from the parent single grain and results of transport property measurements on these 
samples in a commercial Physical Property Measurement System (PPMS). Critical current densities determined via magnetic 
and transport measurements are compared and discussed.

Keywords  GdBCO · Bulk superconductor · Infiltration and growth technique · Transport measurements · Microstructure · 
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1  Introduction

Significant progress has been made in the melt processing 
of RE-Ba-Cu-O [(RE)BCO, RE = rare earth] bulk high-tem-
perature superconductors over the last three decades, and in 
particular over the last ten years. Developments in process-
ing have led to pathways for deploying these technologically 

important materials in several potential and practical appli-
cations including trapped-field magnets, magnetic levitation 
devices, superconducting motors and generators, flywheels, 
portable magnetic resonance imaging (MRI) and large-gra-
dient magnetic separation systems [1–5].

Single grain (RE)BCO bulk superconductors with 
a microstructure engineered for optimum flux pinning 
exhibit large critical current densities (Jc). These samples 
(typically ~ 25 mm in diameter) can trap magnetic fields 
of ~ 0.8–1 T at 77 K and ~ 6–8 T at 30 K at the sample sur-
face [2, 3, 5] when fully magnetised. Information on Jc 
in bulk, single grain (RE)BCO superconductors is often 
obtained via magnetometry, which relies fundamentally 
on several computational assumptions [6, 7]. This usually 
involves a combination of a SQUID magnetometer within a 
cryomagnet, such as a Physical Property Measurement Sys-
tem (PPMS), to determine the magnetic hysteresis (M–H) 
loops from which the (magnetic) critical current densities 
(Jc

mag) are determined using the extended Bean critical-state 
model [6].

Critical currents in these materials are measured most 
commonly via magnetic measurements given the difficulty 
of preparing specimens for transport measurements on these 
brittle, ceramic-like materials. For example, the typical 
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Jc
mag for YBCO is 40 kA/cm2 at 77 K, in zero-field [8], 

which means that the specimen’s cross-section for meas-
urement of the critical transport current needs to be smaller 
than 0.5 mm × 0.5 mm (cross-sectional area: 0.25 mm2) 
for a 100 A current source in a transport measurement. 
It is extremely challenging to prepare specimens of these 
dimensions given the brittle nature of (RE)BCO materials. 
In addition, these bulks usually contain numerous cracks, 
secondary phases and inclusions that can be of this charac-
teristic dimension and therefore potentially block any trans-
port current completely. Despite these challenges, transport 
measurements have indeed been reported on (RE)BCO bulk 
materials by Rush et al. on a GdBCO single-grain bulk [7] 
and by Kikegawa et al. on a mixed rare earth (Nd-Eu-Gd)
BCO sample [9]. Both of these samples were produced via 
the top-seeded melt growth (TSMG) technique, which typi-
cally and unavoidably produces a sample microstructure that 
contains many pores and cracks due to limitations of the 
processing technique. A typical cross-section of a YBCO 
sample obtained via TSMG is shown in Fig. 1. A poros-
ity of ~ 16–20% is commonly observed in these samples [2, 
10–12].

More recently, infiltration and growth [12–15] has 
emerged as a new potential processing approach and 
is enabling the reliable fabrication of (RE)BCO bulk 

superconductors with improved microstructures and asso-
ciated enhanced superconducting and mechanical properties. 
This motivated us to investigate whether thin, long slices 
of (RE)BCO bulk superconductors fabricated by infiltration 
growth can be prepared successfully for transport measure-
ments. In the present work, transport measurements on a 
GdBCO+Ag sample fabricated via buffer-assisted top-
seeded infiltration and growth (BA-TSIG) are described and 
their results presented and discussed for the first time.

2 � Experimental

2.1 � GdBCO+Ag bulk sample preparation

To produce a single-grain GdBCO sample via TSIG, pre-
cursor powders of Gd2BaCuO5 (Gd-211), Ba3Cu5O8 (each 
99.9% purity, particle size 1–3 μm, Toshima Manufactur-
ing), CeO2, BaO2, Ag2O (each > 95% purity, Sigma Aldrich), 
and Yb2O3 (> 98% purity, American Elements) were mixed 
in the appropriate ratios. To prepare the preform and liq-
uid source pellets, the precursor powders were mixed sepa-
rately in an automixer for 2 h. A mixture of Gd-211, Ag2O, 
BaO2, and CeO2 in a composition of Gd-211 + 10 wt.% 
Ag2O + 2 wt.% BaO2 + 1 wt.% CeO2 was used for the pre-
form pellet. The composition of the Yb-based liquid phase 
was Yb2O3:CuO:BaCuO2 = 1:10:6 by molar ratio [16]. The 
preform pellets were prepared by compacting the respec-
tive mixed powders in steel dies using a uniaxial press. The 
resulting preform pellet (~ 25 mm in diameter) was placed on 
top of the liquid phase reservoir pellet (~ 31 mm in diame-
ter), and the entire assembly was supported by an Yb2O3 sub-
strate to prevent outflow of the liquid phase during the heat 
treatment. A buffer pellet composed of 75% Gd-123 + 25% 
Gd-211 capped with a seed crystal (a Nd-based thin-film 
seed crystal, Ceraco Ceramic Coating GmbH) was placed 
on top of the sample pellet. The entire arrangement, Fig. 2a, 
was heat-treated in air in a box furnace for obtaining single-
grain growth. The top- and side-views of the as-processed 
single-grainGdBCO+Ag sample are shown in Fig. 2b, c, 
respectively. This sample was oxygenated subsequently in a 
tube furnace at 400 °C for 200 h to complete the tetragonal-
to-orthorhombic crystal structure transformation to produce 
a superconducting single-grain.

2.2 � Magnetic property characterization

The top and bottom surfaces of the sample were polished 
prior to magnetic measurements and oriented such that 
the external magnetic field (Ba) was applied parallel to the 
c-axis of the sample for field-cooled magnetization (FCM). 
The sample was then cooled to 77 K in an applied magnetic 
field of 1.3 T, and after achieving thermal equilibrium, the 

Fig. 1   a Cross-section of a YBCO sample fabricated via top-seeded 
melt growth (TSMG). A higher-resolution optical micrograph is 
shown in (b). The presence of pores (20–250 µm) and cracks can be 
seen in both parts of the figure
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applied magnetic field was removed and the trapped mag-
netic field profile of the sample measured with a rotational 
Hall-probe scanning facility comprised of 19 Hall sensors 
mounted on a measurement rig.

The magnet ic  proper t ies  of  local  regions 
(a × b × c ~ 2 × 1.5 × 1 mm3) of the sample were measured 
subsequently using a Magnetic Property Measurement Sys-
tem magnetometer (MPMS, Quantum Design). The exter-
nal magnetic field (Ba) was applied parallel to the crystallo-
graphic c-axis at each position in the sample. The magnetic 
moment was measured as a function of temperature and 
field to determine Tc and Jc(B). Self-field Jc ( Jsfc  ) at 77 K 
was measured inductively with a Cryoscan (Theva, 50 μV 
criterion). The Tc (determined as Tc90, i.e., the temperature 
at which the resistance is 90% of the value just above the 
transition), ΔTc (Tc90-Tc10) and Jc(B) (1 μV cm−1 criterion 
of transport Jc) were measured with a 9 T Quantum Design 
PPMS.

2.3 � Sample preparation for transport 
measurements

To measure the transport properties, thin discs of ~ 1 mm thick-
ness were cut from the original bulk single-grain sample with 
a diamond saw (Isomet). Such thicknesses are still not suitable 
for transport measurements, so it was necessary to reduce them 
further. This was achieved by gluing each slice on a substrate 
(10 × 10 mm2 LaAlO3 single-crystal) using Ag paint to enable 

mechanical polishing. This process is delicate and was hence 
carried out very carefully and with high accuracy to avoid any 
breakage of the sample. This involved installing the specimen 
in an Ar-ion cross-section polisher (IB-19500CP, JEOL) where 
the thickness of the samples was reduced to 25 μm, which was 
more practical for measuring the superconducting transport 
properties with the current source available. Reducing the 
thickness further would increase the risk of sample breakage 
considerably, so all transport measurements were performed 
on a single slice of 25 µm thickness.

Photolithography and wet-chemical etching were employed 
to prepare individual tracks for the transport measurement 
once the appropriate track thickness had been achieved. To 
avoid selection bias as much as possible, the track was posi-
tioned at random, although slight differences in defect density 
cannot be excluded completely. The dimensions of the tracks 
were determined by a LEO 1530 scanning electron microscope 
(SEM, Zeiss) with field emission gun. The average width of 
the track was ~ 110 μm, as can be seen in Fig. 3. In summary, 
the measured tracks were 25 μm thick, 110 μm wide and 1 mm 
long.

Fig. 2   a Sample assembly used 
to fabricate a GdBCO+Ag 
single-grain via the buffer-
aided TSIG technique. The 
Gd-211 preform (containing 
added Ag2O, BaO2 and CeO2) 
was compacted into a pellet 
of 25 mm diameter. This was 
supported by a liquid phase 
reservoir pellet. NdBCO film 
seed and a buffer pellet are 
placed on top of the Gd-211 
preform pellet to aid heteroge-
neous nucleation and growth 
of a single-grain. The top and 
side-views of the heat-treated 
sample are shown in (b) and (c), 
respectively
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3 � Results and discussion

3.1 � Field trapping ability

The trapped magnetic field at 77 K obtained at a distance of 
1.5 mm from the surface of the sample is shown in Fig. 4. 
The sample of ~ 25 mm diameter is clearly a single grain 
(exhibiting a single field cone) and exhibits a peak trapped 
magnetic field of ~ 0.87 T at a Hall sensor to sample separa-
tion of 1.5 mm, which corresponds to ~ 1 T at the sample 
surface [17].

3.2 � Magnetisation performance

Magnetic moment (and hence magnetization) as a function 
of temperature and applied field were measured in separate 
experiments. A critical temperature Tc ~ 93.5  K was 

observed, Fig. 5a, and the superconducting to normal tran-
sition occurred within a temperature range of 0.5–1 K (i.e. 
the transition width). Jc(B) values were estimated in the 
temperature range of 50–85 K from the width of the mag-
netic hysteresis (M–H) loops following the extended Bean 
critical-state model [6], Fig. 5b. The self-field magnetiza-
tion Jc, Jsfc,mag

 , at 77 K is ~ 51 kA/cm2. The sample exhib-
ited a magnetically measured irreversibility field of ~ 6 T 
at 77 K.

3.3 � Transport measurements

The GdBCO + Ag specimen shown in Fig. 3 exhibits a 
transport Tc of 93.7 K, as illustrated in the inset of Fig. 6a. 
This value is very similar to that determined by magnetic 
measurement (93.5 K) and is also close to that reported 
for GdBCO thin films prepared at Karlsruhe Institute of 
Technology (KIT) [18]. Figure 6a shows the temperature 
dependence of the electrical resistance of the single-grain 
specimen at several magnetic fields. The data for the irre-
versibility field (Birr) were extracted from this figure and 
the resulting irreversibility line (IRL) is shown in Fig. 6b, 

Fig. 3   Scanning electron micrograph of a track on the ion-milled 
slice of GdBCO+Ag that was prepared for the transport current 
measurements. The width of the track is ~ 110 µm

Fig. 4   Trapped field profile measured at 77  K, at a separation of 
1.5  mm from the surface of the GdBCO+Ag sample (#1232). The 
sample trapped a magnetic field of 1  T at its surface and 0.87  T at 
height of 1.5 mm from the surface of the sample

Fig. 5   a Magnetisation as a function of temperature measured in a 
GdBCO+Ag single-grain slice. A critical temperature of ~ 93.5  K 
with a transition width < 1 K was observed. b Magnetic field depend-
ence of the magnetization critical current density Jc of the same sam-
ple at several temperatures
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together with the IRL of a standard, pristine GdBCO thin 
film of the same type as the reference sample in [18, 19]. 
The IRLs of both films were fitted with the following 
expression:

where T0

c
 is the irreversibility temperature at zero applied 

field or simply the Tc of the sample, and B0 and n are fitting 
parameters. In the case of the thin film, the values of both 
fitting parameters are B0 = 95.65 ± 2 T and n = 1.318 ± 0.009 
whereas for the bulk sample they are B0 = 89 ± 2 T and 
n = 1.32 ± 0.01. It is clear from these values that both sam-
ples behave very similarly with the exponent being close 
to the expected value of 4/3 for a glass-liquid transition. 

(1)Birr (T) = B0

(

1 −
T

T0
c

)n

The slightly larger absolute values of B0 observed for the 
thin film are possibly related to a more complex or optimal 
microstructure of the sample.

The V–I curves, from which the Jc values were calculated 
using a criterion of 1 μV cm−1, show the typical power-law 

Fig. 6   Temperature dependence of electrical resistance R measured 
for the IG-processed GdBCO+Ag prepared specimen (a, inset) in the 
absence of an applied magnetic field and (a) under different magnetic 
fields in the range 1–9 T (B||c-axis, step size 1 T) and 0.5 T. The irre-
versibility line (IRL) of the sample (black circles and dashed line) in 
(b) is compared to a similar curve for a standard, pristine GdBCO 
film (red circles and red dashed line) [18, 19]. The dashed lines are a 
fit of the data to expression (1)

Fig. 7   a Examples of the V–I curves measured on the sliced IG-pro-
cessed GdBCO+Ag single-grain used for obtaining the Jc values. Jc 
is shown as a function of applied field (in the range 0–9 T) and tem-
perature (65–85 K) in (b) and (c), respectively. The dashed lines are 
guides for the eye
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form, Fig. 7a. Figures 7b, c show the temperature and field 
dependence of Jc for several magnetic fields and tempera-
tures, respectively. Although only a limited number of data 
points could be obtained in these experiments, the well-
known decrease of Jc with T and B is obvious in Figs. 7b, 
c. It was not possible to measure Jc below 65 K because of 
the current limit of the PPMS (2 A), so, as a result, self-field 
values below 77 K were not determined in this study. The 
transport Jsf

c
 at 77 K is ~ 65 kA/cm2. This value should be 

similar to that measured for the same sample prior to the 
fabrication of the track. To check if this is the case, the bulk 
specimen with a thickness of 25 µm was measured by Cry-
oscan and exhibited a Jsf

c
 ~ 68 kA/cm2, which is very similar 

to that obtained from the transport measurements for the 
bridge specimen. Significantly, these two values are ~ 20% 
larger than that measured by MPMS, which was ~ 51 kA/
cm2. Although both values are not the same, they are not 
extremely different. This difference is inherent when the 
Jc values obtained by magnetometry or by transport are 
compared in general, which is a well-known phenomenon. 
This moderate variation in Jc as measured via these two 
approaches can be understood further by the typical change 
of the electrical field criterion between the magnetometry 
and transport techniques [20]. Finally, it should be empha-
sised that, even though the transport measurements provide 
a direct measurement of Jc, their accuracy depends critically 
on the geometrical accuracy of the dimensions of the bridge. 
It is apparent in Fig. 3 that the edges of both sides of the 
bridge are rough and uneven, which will result inevitably 
in moderate errors (of ~ 10–15% in total) of the dimensions 
and hence Jc. On a similar issue, it should be noted that Jc’s 
determined by transport and magnetization measurements 
are based on different estimation criteria. The transport Jc 
is measured directly by a well-defined electrical field or 
voltage criterion, whereas Jc determined by magnetization 
depends critically on the underlying assumptions of the crit-
ical-state model, which involves different pre-factors related 
to sample geometry and frequency dependence, for example. 
Despite these possible sources of error and differences, the 
Jc values obtained by magnetization and transport measure-
ments in this investigation yield almost similar values.

The transport Jc data obtained in this study are slightly 
larger than the magnetization Jc data (e.g. 65 kA/cm2 vs. 
51 kA/cm2), although the difference lies within a realistic 
and expected range. As stated above, part of the difference is 
due to the different effective electric field criteria used in the 
transport and magnetic measurements [20], due possibly in 
part to the variation in sample size. As a result, the transport 
data reported here may be considered to be of high quality 
and constitute proof of principle for this measurement tech-
nique. This opens the possibility for future measurements on 
bulk single-grain (RE)BCO samples of this type, which will 
significantly extend the depth to which the superconducting 

properties of these technologically important materials may 
be studied for transport current applications, in particular.

4 � Conclusions

A GdBCO+Ag single-grain bulk superconductor fabri-
cated via buffer-assisted top-seeded infiltration growth has 
been used to prepare sample slices for transport measure-
ments and magnetometry. The transition temperature (Tc) 
and critical current density (Jc) were determined by both 
characterisation techniques. The resulting Tc values by both 
approaches were very similar: ~ 93.5 K by magnetometry 
and 93.7 K by transport. Jsf

c
 at 77 K was ~ 51 kA/cm2 via 

magnetometry and ~ 65 kA/cm2 via transport measurements. 
Despite a 20% variation, these values are relatively similar 
given the well-known inherent differences between these 
two measurement techniques. These results indicate that, 
after a careful preparation of the samples, transport measure-
ments can be performed successfully and reliably on bulk 
(RE)BCO specimens with a commercial PPMS with modest 
currents of up to 2 A. This opens the possibility for future 
measurements for more in-depth electromagnetic investiga-
tions of bulk, single-grain (RE)BCO superconductors to gain 
a deeper understanding of their superconducting properties 
and their relation to the sample microstructure.
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