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Abstract

Bulk, single grain RE-Ba—Cu—O (where RE = rare earth or yttrium) [(RE)BCO] high
temperature superconductors could potentially be used to generate stable magnetic fields for
magnetic resonance imaging (MRI) and nuclear magnetic resonance (NMR). In these
applications, however, the homogeneity of the magnetic field is of critical importance. As a
result, the spatial distribution of critical current density, J., within the bulk single grain and the
effects of the magnetisation process, which are primary drivers of the uniformity of the
achievable trapped magnetic field, are fundamental to assessing the performance of these
technologically important materials. This paper reports the systematic measurement of the
distribution of J.—B at 77 K over a vertical cross-section of a single grain along a facet line and
through the seed crystal [(110)-F] at 20 positions within a 20 mm diameter Gd—Ba—Cu-O
sample in an attempt to understand and assess the distribution of J. along this microstructural
feature. A comparison of the data within the whole vertical plane across the seed measured
along the a or b direction within the [(100)-a] plane shows that J.—B at 77 K at the facet line is
more than 10% higher for applied fields between 0.2 T and 2.5 T. The effect of the J.—B
relationship of the facet line on the overall trapped field measured in an individual bulk sample
was investigated by measuring the magnitudes of trapped fields and their contour maps for
sections cut from four single grain samples of GABCO-Ag at different sizes and shapes parallel
to the ab-plane from the top to the bottom of the bulk sample. Based on the results reported
here, we demonstrate a method to achieve more uniform trapped fields through an optimal
arrangement of an assembly of sections of individual GABCO single grains.

Keywords: (RE)BCO, facet lines, bulk superconductors, J. distribution, trapped field,
uniformity, homogeneity
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1. Introduction

RE-Ba—Cu-O (where RE = rare earth or yttrium) [(RE)BCO]
bulk, single grain superconductors can trap magnetic fields
of over 17 T [1, 2]. Their application as pseudo-permanent
magnets, therefore, is expected to have a transformative effect
on numerous engineering applications that rely on, or benefit
from, high magnetic fields relative to those available using tra-
ditional iron-based ferromagnets. Considerable research has
been carried out since (RE)BCO high temperature supercon-
ductors (HTSs) were first discovered over three decades ago
[3]. Understandably, much research effort to date on bulk
superconductors has focussed on the improvement of growth
processes, although, as more practical applications emerge [4],
tailored fabrication processes that meet the specific require-
ments of particular applications are increasingly crucial for
their commercialisation.

In certain practical applications, and most notably MRI
and NMR, a uniform distribution of the trapped field, or at
least a well characterised field distribution, is required. The
trapped field at any position in a static trapped field state is,
according to the Biot—Savart law, given by a volume integral
across the bulk superconductor taking into account the effect
at that position of the field generated by current density within
each infinitesimal volume of the entire sample. The presence
of a uniform trapped field above the surface of a cylindrical
single grain, therefore, implies directly that the magnitude of
trapped field at all positions within a concentric circle is the
same.

The current density at a point in a fully magnetised sample
is affected by the local J. as well as other larger-scale prop-
erties of the single grain. As a result, an understanding of the
local J. distribution within a single grain is expected to elu-
cidate the achievable homogeneity of the static trapped field,
which is a key measure of the quality of a single grain. More
importantly, the distribution of J, within a single grain impacts
strongly on the dynamics of magnetic flux penetration dur-
ing magnetisation, and particularly during pulsed field mag-
netisation (a practical magnetisation method) where local J.
fluctuations result in changes in the amount of heat gener-
ated, which, in turn, limit the current required to generate the
trapped field [5]. Local fluctuations in J, also account for ava-
lanche flux jumps and huge variations in the observed values
and topographies of trapped field at the different steps in the
pulsed field magnetisation processes [5]. An accurate know-
ledge of the distribution of J. is therefore required for basic
theoretical modelling research and to develop applications of
these technologically important materials.

One of the approaches taken to elucidate the effect of the
spatial variation of J on trapped field is to examine the single
grain microstructure. Below the depairing current, J. in a
superconductor depends on the density and effectiveness of
flux pinning centres [6]. The most effective pinning centres are
ideally of the size of a vortex core, which, in HTS materials,
is typically several tens of nanometres (for example, the size
of vortex core of YBCO is about 15 nm at 4.2 K [7]). There-
fore, J. is linked closely to the microstructure of the single

grain on the nanoscale. It was reported as early as 1992 that
J. is proportional to the volume fraction of RE;BaCuOs (RE-
211) [8] within the continuous bulk REBa, Cuz0;_;5 (RE-123)
superconducting matrix. Consequently, the size and distribu-
tion of RE-211 particles have been reported by many research-
ers [9-15], with a higher J. being achieved generally in
samples containing fine RE-211 inclusions [16]. The distribu-
tion of RE-211 particles is sometimes reported based on ana-
lysis of a half of a cross-section of a single grain, and assuming
the single grain is axisymmetric [17-19]. It has been found that
the distributions of RE-211 reported to date generally exhibit
the same trends (with some variation) and can be explained
broadly by particle push/trap theory [20]. For example, there
are typically fewer and larger RE-211 particles at positions
close to the seed, and more and smaller RE-211 particles at
positions further away from the seed. The presence of nano-
sized inclusions in the single grain microstructure has been
reported by many researchers [21-25], although it is difficult
to analyse these inclusions quantitatively and chemically on a
large scale with the current level of measurement technology.
To date, therefore, there has been no definitive correlation
between J. and microstructure in (RE)BCO bulk single grain
superconductors.

In addition to inferring the spatial variation of J. from the
observed distribution of likely pinning centres, it is also pos-
sible to extract the distribution of J, from magnetisation meas-
urements on small specimens sectioned from the bulk using
the extended Bean model [26]. Unfortunately, only a lim-
ited number of studies report a detailed distribution of J. in
(RE)BCO single grains, perhaps due to the requirement for
repetitive and cumbersome measurements of many small sub-
specimens cut from a parent single grain. The Cambridge Bulk
Superconductivity Group has published two studies [27, 28]
23 years apart that report the distribution of J. of (RE)BCO at
77 K with contradictory results: the first paper [27] shows an
increasing J. in the vertical plane along the a or b (a/b) direc-
tion [(100)-a] in a YBCO single grain from a position imme-
diately beneath the seed to a position towards the edge of the
sample (i.e. from the centre of the single grain towards its peri-
phery when the seed is located at its centre). The second study
[28], on the other hand, shows a decreasing J. in the [(100)-a]
plane in a GABCO single grain from a position immediately
beneath the seed to a position towards the edge of the sample.
It was determined, shortly after publication of the first paper,
that the specimen used in the earlier study exhibited a lower
critical transition temperature (7.) at the position immedi-
ately beneath the seed due to contamination from the seed
crystal elements [29], which reduces J.. The later paper [28]
addressed this issue by using a buffer technique to grow the
single grain [30], which eliminated the harmful element of the
diffusion of Nd into the sample immediately beneath the seed
so that 7. measured at this position is the same as that at other
positions within the single grain.

Even so, these two studies only reported the distribution in
the (100)-a plane. The ability to predict the overall trapped
field, e.g. by numerical modelling, using these data needs to
assume that the single grains are axisymmetric. A cursory
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visual inspection of any bulk superconductor sample, how-
ever, suggests this assumption is questionable, given that the
presence of features such as facet lines and a/b and c-growth
sectors is observed within the single grain microstructure.
Microstructural analysis [14] suggests there is less misorienta-
tion between low angle sub-grains at the position of facet lines
compared to the a/b direction at the top surface of a single
grain, which could be a decisive factor in determining the local
values of J.. Therefore, this has motivated the present study to
measure J. within the (110)-F plane and compare this with
that within the (100)-a plane, in order to understand whether
J. values within concentric circles around the ab-plane are the
same.

After observing the differences in J. between the (110)-
F and (100)-a planes with a single grain, three sets of
GdBCO-Ag single grains of different sizes and shapes were
investigated by measuring the trapped fields of sections cut
parallel to the ab-plane from the top to the bottom of the
sample in order to understand the effects of the differences
in J. within the (110)-F and (100)-a planes on the measured
trapped fields. GABCO-Ag, rather than GdABCO, was used for
the second part of the study given its enhanced mechanical
strength and that the difference in properties at facet lines and
the general a/b direction is an issue common to all (RE)BCO
single grains. Finally, the facet lines of a stack of two top
slices cut from a single grain but rotated by 45° relative to
the position of their facet lines were measured and a more uni-
form trapped field distribution was achieved for the two-slice
stack.

2. Experimental approaches

2.1 Measurement of J;-B curves at 77 K and the
microstructures of Gd-211 particles

A sample grown in the same batch as one reported in a previous
study [28], where J.—B curves within the (100)-a plane were
measured, was used in this research to ensure comparability
of the physical properties. The GABCO single grain, which
was grown from a composition of mixed precursor powder
of (75 wt% Gd-123 + 25 wt% Gd-211) + 0.5 wt% CeO,,
is shown in figure 1(a). The maximum — trapped field of
this sample measured at 77 K was 0.65 T, which correlates
well with that of the sample measured in the previous study
[28]. The single grain sample was cut parallel to a facet line
along the dashed lines indicated in figure 1(c). A thin slab
about 2 mm in thickness was extracted from the sample after
cutting, which was then cut further parallel to the c-axis and
cleaved along the ab-planes into smaller sub-specimens. These
correspond to the locations 1ta, 1tb, 1tc, and so on, as illus-
trated schematically in figure 1(f), and are each of approxim-
ate dimensions a x b x ¢ of 1.8 x 2.8 x 1.5 mm?. The critical
superconducting transition temperature (7.) and M—H loop of
each sub-specimen (20 in total from locations 1ta to 4ta of the
first row to 1te to 4te of the fifth row in the figure) were meas-
ured using a magnetic property measurement system (MPMS-
3). This involved applying a test field of 2 mT (zero-field
cooled) perpendicular to the ab-plane of each sub-specimen

for the measurement of 7. The critical current J. was then
calculated from the extended Bean model [26] using the M—-H
loop data measured for each cuboid at 77 K for an applied field
cycle of 0 — 7T — 0, where a < b and c is the dimension in
the ¢ direction aligned parallel to the applied field. The sub-
specimens from the previous study [28] were remeasured for
comparison with the results of the measurements along the
facet line and to eliminate the effects of changes in super-
conducting properties associated with the degradation of the
sample over time in the measured M—H loops and 7. The
microstructures of the sub-specimens were also examined via
high-resolution scanning electron microscopy (SEM) to assess
their porosity and Gd-211 particle content along the facet line
and in the a/b direction.

2.2. Trapped field measurement

It is well known that single grains exhibit facet lines with four-
fold symmetry on their top, seeded surface when grown via
the top-seeded melt-growth (TSMG) technique [31]. These
facet lines, which are extremely prominent in the as-grown
sample microstructure, as shown in figure 1(a), usually divide
the single grain into five regions: four a—b growth (a—b-GS)
sections and one ¢ growth section (c-GS), as shown in
figures 1(b) and (d). We have observed from magnetisation
measurements in this study that the facet lines generally
increase the magnitude of the local J. by at least 10% at all
values of applied field.

The geometry of the facet line is different if a single grain
sample is cut parallel to its ab-plane from top to bottom, as
illustrated in figure 2, from the top sections of the sample
(T1, T2), through to the bottom sections (T3 and T4). The
photographs (also shown in figure 2) of the cut sections of a
GdBCO-Ag single grain reveal these features. The boundar-
ies of the growth sectors and facet lines of sections T1, T2,
T3 and T4 can be seen to match the schematic illustrations
in the same figure, although T3 and T4 also contain more
(low angle) sub-domains that make the facet lines less dis-
tinct. The presence of longer facet lines is evident in section
T1 than in T2 and T3, and there are almost no facet lines
present in section T4. As a result, the fractional content of
¢-GS within the sections increases from T1 to T4. Supercur-
rent in (RE)BCO single grains flows mainly in the ab-planes
due to the relatively large anisotropy in critical current density
in these materials [32] when the applied field is perpendicu-
lar to the ab-plane. It is therefore reasonable to assume that
the properties of ab-plane sections of a single grain are rep-
resentative of the entire bulk sample in the magnetisation pro-
cesses in this study. Each section was field cooled at 77 K in
an applied magnetic field of 1.0 T prior to 2D trapped field
mapping using a rotating Hall sensor array. Four single grain
samples of GABCO-Ag of different sizes and shapes were
examined in this manner.

The GdBCO-Ag single grains used in this study were
grown from a composition of mixed precursor powder
of (75 wt% Gd-123 + 25 wt% Gd-211) + 0.5 wt%
CeO; + 0.1 wt%BaO, + 10 wt%AgO, using standard silver
containing TSMG techniques [33, 34].
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Figure 1. The general features of a single grain. (a) A photograph of the top surface of the 20 mm diameter GdABCO single grain used to
measure J.. Schematic illustrations of (b) the top surface of a single grain and its four a—b growth sectors (a—b-GS) and facet lines, (c) the
position of the thin slab (blue dashed lines) within the (110)-F plane extracted from the single grain for the measurement of J, (d) the
(100)-a plane crossing the seed and its 2 a—b-GSs and a ¢-GS (e) the (110)-F plane and (f) the (110)-F plane of the thin slab extracted from
the centre of the sample and the notations of each specimen used for the J.—B measurements.

Figure 2. (a) A schematic side view of the sections cut from a single grain. (b) Photographs of cut sections T1, T2, T3 and T4 of the
GdBCO-Ag single grain and schematic illustrations of the facet lines demonstrating how the growth sectors evolve through the thickness of
the sample. The inset smaller photograph shows section T2 from another angle, within which the facet lines can be seen more clearly.

3. Results and discussion

3.1 Comparison of Jc—-B curves and microstructure analysis
of embedded Gd-211 particles

Figure 3 shows J.—B curves measured for sub-specimens
within the (110)-F plane at the 20 positions indicated in
figure 1(f). Most of the J.—B curves exhibit a plateau in their
Jo(B) characteristic in the field region from 0.2 T to 2.5 T
(circled in red), which is the specific region of interest given
that the present samples generally exhibit trapped fields of up
to 2.5 T at 77 K, where the plateau ends (the maximum trapped
field at the top surface is 0.65 T at 77 K for the sample in
figure 1(a)). The top four sub-figures, (a)—(d), are the J.—B
curves for the a, b, ¢ and d layers, where we observe that,
broadly speaking, J.—B decreases from the top to the bottom of

the single grain (apart from layer d which sometimes exhibits
a higher J.). Similarly, the sub-figures (e)—(h) reveal a trend
in J.—B decreasing from the centre to the edge of the sample,
suggesting that the trends of the variation in J.—B at (110)-F
plane are the same as those observed at the (100)-a plane [28].
Note that the 7', of both of the specimens at the top layer of the
(110-F) plane and the remeasured (100-a) plane are 0.1-0.3 K
lower than those of the (100-a) plane measured in the earlier
study of 20 months ago [28]. This may suggest some degrada-
tion of the single grain samples. Most of the specimens (apart
from those specimens at positions 4) measured in this study,
however, have onset 7. of 93.2 + 0.2 K and transition width
<1.2 K. This makes the comparison of J. at 77 K at different
positions within single grain between the (110)-F and (100)-a
planes both fair and valid.



Supercond. Sci. Technol. 35 (2022) 105002

Y Shi et al

5x10°
4x10°
3x10°

J.(A cm?)

2x10"

1x10°*
0

Field (T)

01 2 3 4 5

5x10°
4x10°
3x10°
2x10°

J(Acm?)

1x10°*

0 1 2 3 4 5 0 1 2 3 4 5
Field (T)

0 1 2 3 4 5 0 1 2 3 4 5
Field (T) Field (T)

0 1 2 3 4 5 0 1 2 3 4 5
Field (T) Field (T)

Figure 3. J.—B curves of 20 sub-specimens cut from the (110)-F plane, as indicated in figure 1(f). (a)—(d) J.—B curves for layers a, b, ¢ and
d at positions 1-4 in figure 1(f); (e)—(h) J.—B curves at positions 1, 2, 3 and 4 positions for layers a, b, ¢, d and e in figure 1(f). The red
circles indicate the regions where the applied fields are of particular interest in this study and their positions help to see the trend of the

plateaus of J.—B.

Figure 4 shows a comparison of J.—B within the (110)-F
and (100)-a planes. It can be seen that the J.—B curves are
higher within the red circles in figures 4(a) and (c) than along
the a/b direction in figures 4(b) and (d). In addition, the peak
effect [35, 36] (or plateau) along the facet lines is more pro-
nounced in the facet line data. This comparison indicates that,
not only are the radial values of J. non-uniform in a single
grain (as observed for the a/b growth direction) as the loca-
tions of the sub-specimens move further away from the seed,
but also there is an observable difference in J. between the
facet line and the a/b growth direction at the same radius of
around +10% in the regions highlighted.

The microstructure of the top surface of the single grain
sample was examined by high resolution SEM looking,
primarily, at the distributions of secondary phases, such as
embedded Gd-211 particles, which act as effective flux pin-
ning centres. Photographs were taken at 1 mm intervals along
the a/b direction and a facet line at the top surface, as shown
in figure 5, which illustrate the typical microstructures at the
top surface of the GdABCO single grain used to measure J.—B.
It can be seen that the Gd-211 particles become smaller with
increasing the distance from the seed, r, and that the num-
ber of Gd-211 particles increases along both the facet line and
the a/b direction by comparing the SEM images (horizontally)
at r; and r; in figures 5(b(I)) and (b(Il)) or figures S(b(III))
and (b(IV)). Furthermore, there are generally fewer Gd-211
particles present in the facet line compared to the individual
growth sectors at the same distance from the seed by com-
paring the SEM images (vertically) at r; in figures 5(b(I))
and (b(III)) and at r, figures 5(b(I)) and (b(IV)), respectively,
which has not been observed previous studies. The observed
distribution of Gd-211 inclusions is described well by the

particle push/trap model [20], developed initially by Endo et al
which explains the observed macro-segregation of Gd-211
particles in (RE)BCO single grains grown by an undercooling
method. Numerous authors have confirmed these observations
experimentally [12, 18, 20]. This is expected because conven-
tional TSMG of (RE)BCO single grains fulfils the require-
ments in the push/trap model that the growth is controlled by
undercooling and that the RE-211 particles are rather inert
to the liquid phase (given that the growth rates are very low
because the solubility of RE in the liquid phase is low).

Two specific trends in the observed Gd-211 particle density
are particularly notable. Firstly, the volume fraction of Gd-
211 increases as the area under investigation moves further
away from the seed in both the (110)-F plane and the (100)-a
plane [28]. Secondly, and contrary to the observed normal
trend of increased Gd-211 density leading to increased crit-
ical current, a lower density of Gd-211 is observed in the facet
line plane, despite its enhanced J.—B properties. For example,
the SEM images in figures 5(b(I)) and in (b(Il)) are equival-
ent to the positions of specimens la in figures 4(a) and (b)
of the J. measurements; the SEM images in figures S(b(IIl))
and in (b(IV)) are equivalent to positions of the specimens
2a or 3a in figures 4(a) and (b) of the J. measurements. If
J. was proportional to the volume fraction of RE;BaCuOs
(RE-211) within the continuous bulk REBa;Cu3zO;_s (RE-
123) superconducting matrix [8], J. at position la would be
lower than that at 2a or at 3a; J,. at (110)-F plane (figure 4(a))
would be lower than the J. at (100)-a plane. These observa-
tions based on comparison of the J. measurements of 20 spe-
cimens within the (110)-F and (100)-a planes contradict those
of a previous study [8]. This second observation suggests that
Gd-211 particles are unambiguously not the only factor that
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Figure 4. Comparison of J.—B curves at 77 K at (a) the (110)-F plane and (b) at the (100)-a plane of the sub-specimens, at positions ‘a’
layer (i.e. beneath the seed along the a direction) in figure 1(f). J.—B curves at 77 K at (c) the (110)-F plane and (d) at the (100)-a plane of

the specimens for the ‘1’ positions in figure 1(f).

determines J in bulk, single grain superconductors. This is to
be expected since any nano-sized, non-superconducting phase
inclusion could theoretically form an effective flux pinning
centre and the presence of any large, non-superconducting
phase could cause a larger scale inhomogeneity in the critical
current. Of particular significance is the reduced presence of
low-angle-misorientated sub-grains in the facet line compared
to the individual growth sectors [17], which may be a contrib-
uting factor to the observed higher J,. along the facet lines. Fur-
ther research is needed to correlate J.—B clearly with sample
microstructure, and this is on-going.

3.2. The effect of the difference of Jc—B between the (110)-F
and (100)-a planes on trapped field

In general, it is necessary to integrate J. across the radius, 7,
of the single grain in order to calculate the trapped field of the
sample, which requires knowledge of the J,. distribution in the
ac-planes within the whole a/b-growth-sector (a-GS) and is

not practical to measure. However, if the change in J.—B across
the entire a/b growth region is less than that between the (110)-
F plane and the (100)-a plane, for example, then the gradual
change in J, may be modelled using a cosine function [37, 38]
from the a/b direction to the facet line around the ab-plane. In
this case, the effect of any difference in J. on the measured
trapped field, such as a deviation from circular symmetry in
the field distribution contour maps within a given section can
be seen. Furthermore, if the geometry of the facet lines is not
the same in each section, as shown in figure 2, then the contour
maps of the trapped field of each section should be different,
as can also be seen in the measurements of the contour maps
of the trapped fields from the cut sections from the top to the
bottom of the sample (T1 to T4 shown in figure 2).

Any given trapped field could theoretically be generated
from an infinite number of J.—B curves given that it is an
integral of J. across r. Here we present examples from four
GdBCO-Ag single grains of different sizes and shapes and
cut into thin sections to demonstrate statistically the effect
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Figure 6. Trapped fields (maximum value and contour maps) of the 20 mm diameter GdBCO-Ag single grain and its four sections T1, T2,
T3 and T4 cut parallel to the ab-plane. (a) A photograph of the GdBCO-Ag single grain and its contour map measured 1.5 mm above its
polished top surface. (b) Contour maps of section T1 measured at 1.5 mm and 3.0 mm above its surface. (c) Contour maps of section T2
measured at 1.5 mm, 3.0 mm and 4.5 mm above its surface. (d) Contour maps of the section T3 measured at 1.5 mm, 3.0 mm and 4.5 mm
above its surface. (e) Contour maps of the section T4 measured at 1.5 mm, 3.0 mm and 4.5 mm above its surface.

of the difference in J.—B between the facet line and the a/b
direction.

Figure 6 shows contour maps of four sections of a fully
grown 20 mm diameter GABCO-Ag single grain cut parallel
to the ab-plane. The maximum trapped field values measured
above the top surfaces of each section, including the trapped
field values normalised by section thickness at a measurement
height of 1.5 mm, are also shown for each section for ease of
comparison. It can be seen that the GABCO-Ag single grain

is of high-quality with a trapped field of 0.736 T at the centre
of its top surface. In addition, the shape of the contour map
measured at 1.5 mm above the top surface of each section
exhibits a geometry somewhere between that of a square and
a circle with concentric and uniform contour lines, as shown
in figures 6(b)—(e). This evolves, broadly, from a square-like
shape for section T1 to a more circular geometry for T3. Sig-
nificantly, the facet lines are longer at the top surface (T1) due
to the formation of the different growth sectors, resulting in
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Figure 7. Trapped fields (maximum values and contour maps) of a 31 mm diameter GdABCO-Ag single grain. (a)-(e) Photographs of the
sample, its maximum trapped field and contour maps measured at 1.5 mm of the whole sample and at 1.5 mm and 3 mm above the surface
of each section T1, T2, T3 and T4 cut parallel to the ab-plane, respectively.

the more square-like, trapped field geometry. The facet lines
become shorter for sections T2 and T3 and the contour maps
are, correspondingly, more circular. Section T4 corresponds
to the bottom of the single grain, where the microstructure is
usually more non-uniform compared to the top sections, due
generally to a variation to in both growth conditions and local
sample composition, which are difficult to control. As a result,
the distribution of J for section T4 is rather complicated, and
the shape of trapped field is difficult to predict. The effect of a
full-length facet line on the shape of the contour map has been
predicted by various numerical models [5, 37, 39-41] assum-
ing an inhomogeneous sample with the same constant J., but
with J. varying as a cosine function over the ab-plane. A J,
of 1 x 103 A m~2 is assumed typically in these models with
a x—y spatial variation +-0.1 x 108 A m~2 within the ab-plane
and the highest value defined at the facet line [5, 37, 38] at the
same radius. A similar distortion of the shape of the trapped
field profile can be seen in the present study as predicted from
the models, which did not include a field-dependent J... This
effect is particularly apparent for section T1 in figure 6(b),
which contains the longest facet lines and corresponds more
accurately to the assumptions made in the models, suggesting
that they are reasonable and reflect the variation of J. in the
real samples, although it is not known whether J. varies as a
cosine function precisely within the ab-plane.

It is clear that the trapped field (or magnetic flux dens-
ity) decreases relatively quickly when measured further away
from the surface of the section (i.e. from 1.5 mm to 4.5 mm)
and the shape of the contour maps becomes more circular
(see figure 6). The trapped field at any position in a given
section is the result of the interaction of the magnetic flux lines

within each superconducting layer across many layers of adja-
cent ab-planes at different distances from the measured sur-
face in a single grain, which tends to reduce the value of the
trapped field and increase its uniformity with increasing dis-
tance from the surface of the section. Apparently, the shape
of the trapped field measured for the parent single grain used
to cut the sample into four sections should reflect a superpos-
ition of the trapped fields measured for sections T1, T2, T3
and T4, as shown in figure 6(a). As anticipated, the top lay-
ers of a single grain dominate the shape and value of trapped
field of the as-processed parent single grain. This explains why
fully grown single grains generally exhibit squarer trapped
field geometries.

A GdBCO-Ag single grain 31 mm in diameter was also cut
into four sections and the trapped field measurements repeated.
A similar trend in the changes in shape of the trapped fields
were observed, as shown in figure 7. These data confirm that
the contour maps close to the top surface are generally of a
square geometry indicating clearly that there are no defects
present in the single grain microstructure that have a more sig-
nificant effect on J. than that between the facet lines and a/b
directions. We can conclude, therefore, that is a common fea-
ture of good (RE)BCO single grains of GABCO-Ag.

The contour maps measured 3.0 mm above the surface of
each specimen are consistent with those in figure 6 and exhibit
a more uniform magnetic field. This suggests that applications
that do not use trapped field at the immediate surface of the
single grain but at a position more distant from the surface
will benefit from a more uniform trapped field distribution,
which may be beneficial to the further development of single
GdBCO-Ag grains for practical applications.
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Figure 8. Photographs and contour maps of two cut, square GABCO-Ag single grains grown from different orientations of the seed crystal.
(a) A cut, square GdBCO-Ag single grain with maximum trapped field 0.676 T at 77 K. (b) A cut, square GABCO-Ag single grain with the
seed crystal orientated at 45° compared to the sample in (a) with maximum trapped field 0.755 T at 77 K. (c) and (d) Contour maps of the
whole, as-processed samples (a) and (b) measured at 1.5 mm above the top single grain surface at 77 K. (e) and (f) Contour maps of the top
section T1 of samples (a) and (b) measured at 1.5 mm above the surface at 77 K.

The morphology of the top surface of a (RE)BCO single
grain sample melt processed from a cylindrical precursor
green body is generally between that of square-planar or circu-
lar (sometimes termed a ‘squirrel’), and particularly so when
the single grain does not extend to the circumference of the
pellet, due primarily to the square planar nature of the growth
fronts. As a result, the trapped field contour map usually takes
the approximate geometrical shape of the single grain. The
formation of a trapped field contour map in a shape between
that of a square and a circle may be attributed generally to the
non-superconducting nature of the thin edges of the sample
(i.e. the arc sectors defined by the planar growth front and the
circumference of the disc). This observation, therefore, may
detract from the above discussion. To demonstrate the effect of
facet lines on trapped field more clearly, two square samples of
area 17 x 17 mm? were cut from two individual single grains
of diameter 25 mm, as shown in figure 8. The edge of the
sample in figure 8(a) is parallel to an a/b direction, whereas
the edge of the sample in figure 8(b) is parallel to a facet line.
It can be seen from figures 8(c) and (d) that the shape of the
four sides of the trapped field contour map of sample (a) is
straighter and less protruding than the centres of the four sides
in figure 8(b), although it is not very apparent because the
effects of facet line from top to bottom of the sample integ-
rate together (there is no facet line at the bottom of the single
grain). This effect is more pronounced for the thin sections cut
from the top surfaces of the samples in figures 8(a) and (b),
as shown in figures 8(e) and (f). It can be seen that the con-
tour map of figure 8(e) is straighter or even concave, whereas
the contour map in figure 8(f) is protruding. This is because

the top sections of samples T1 and T2 (figures (a) and (b)),
exhibit more apparent differences in lengths and orientation
of the facet lines that change significantly the shapes of the
contour maps. Unfortunately, one corner (indicated by the red
arrow) of the contour map in figure 8(f) does not follow the
trend due to an unidentified feature in the single grain micro-
structure, such as the disappearance of a facet line, which can
be seen in the top surface of the sample. This suggests both
that defects may exist within the sample, and that they have
a greater influence on the geometry of the trapped field (such
an effect is often observed when a GdBCO single grain is cut
into sections). It indicates further that the effect of J.. of a facet
line on trapped field is only apparent in good samples with rel-
atively uniform a/b growth sectors so that any differences in
J. over the entire region of the section are larger than those
between the facet line and the a/b direction.

3.3. Generation of a uniform trapped field through the
arrangement of samples

The measurements reported in this study indicate consistently
that J. in GABCO-Ag single grains is enhanced at the facet
lines, which impacts clearly on the measured trapped fields.
However, this effect can only be observed generally at the top
surface of good samples, in which the difference in J. between
the (110)-F and (100)-a planes is higher than other differences
in J caused by non-superconducting defects within the entire
growth sector. Single grains can contain an inherent non-
uniform J. distribution, although their physical appearance
and ability to generate a single-peak trapped field indicates
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Figure 9. Trapped fields and contour maps of a stack of sections T1 and T2 shown in figure 5 with the facet lines oriented at 45° to each
other. (a) Photographs of sections T1 and T2. Schematic illustration of the T1 and T2 stack assembly and the measured contour maps at 1.5,
3.0 and 4.5 mm above the top surface of the stack (b) without and (c) with a 45° offset.

them still to be single grains. The trapped field of a whole
single grain is generally more uniform than cut, thin sections
as a result of the stacking many thin ab-planes. The trapped
fields measured further away from the surface of the single
grains (i.e. at 3.0 mm and 4.5 mm from the top surfaces of
the sample) are considerably more uniform than those at inter-
mediate surfaces, as seen from the contour maps in figures 7
and 8, due primarily to the interaction of the individual
flux lines generating a more uniform trapped field. These
observations suggest that arranging an assembly from separ-
ate sections is another way of achieving increased uniform-
ity of trapped field over the entire surface of the assembled
sections.

The trapped fields of two stacked sections T1 and T2,
where the T2 facet lines are aligned and offset by 45° to one
another, are shown in figure 9. It can be seen that the con-
tour map of the trapped field of the stacked arrangement with
the 45° offset exhibits a more uniform trapped field distribu-
tion, which is particularly apparent when measured close to the
stack surface. This arrangement also exhibits greater circular
symmetry in the shape of the contour map. This is consist-
ent with the results of a recent model by the Cambridge Bulk
Superconductivity Group in which a similar arrangement of
single grain (RE)BCO rings improved significantly the uni-
formity of the magnetic field within the bore of a two-ring
stack [42]. The resulting levitation force can also be optimised
by arranging bulk, single grain samples based on the internal
distribution of J. [43]. These results and observations suggest
clearly that a more uniform net trapped field can be achieved
by arranging selectively single grain sections or rings that con-
tribute optimally to the trapped field even when each com-
ponent within the assembly does not itself exhibit a uniform
trapped field distribution due to a non-uniform distribution
of J..

4. Conclusions

Detailed analysis of 20 sub-sections of a half cross-section of
a GdBCO single grain shows that J.—B characteristics at 77 K
measured within the (110)-F plane along facet lines are typic-
ally more than 10% higher than those measured in the (100)-
a plane, and particularly when the applied field is between
0.2 and 2.5 T. Three sets of four sections cut parallel to the
ab-plane of a high quality GABCO-Ag single grain indicate
that the trapped fields of the top layers of the sample exhibit a
squarer trapped field contour map geometry, whereas the bot-
tom layers in a fully grown single grain tend to exhibit a more
circular shape. Microstructural analysis of the Gd-211 particle
distribution in these single grains shows that there are fewer
Gd-211 particles present within the facet lines, suggesting that
Gd-211 inclusions are not the only intrinsic factor determin-
ing J. in this study. The difference in J. behaviour at the facet
lines and the a/b direction of a single grain outside the facet
line vicinity is attributed to variations in the sample micro-
structure and to the presence of other defects. An arrangement
based on a stack of sections is proposed specifically to reduce
the effect of the observed variation in J. to provide a more
uniform trapped field of the assembled stack. This has been
achieved by stacking two sections with square shaped contour
maps cut parallel to the ab-plane but rotated by 45° to each
other to generate a uniform, circular trapped field, demonstrat-
ing that it is possible to achieve a uniform trapped field from
non-uniform single grains that exhibit non-uniform J..
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