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Uneven distribution of local superconducting properties can signi�cantly impact the overall perfor-
mance of REBa2Cu3O7−δ (REBCO or RE123) superconductor bulks. Through the modi�ed top-seeded
melt-texture growth method, we successfully prepared single-domain GdBa2Cu3O7−δ (GdBCO) super-
conductor bulks with (bulk A) and without (bulk B) a bu�er layer, and investigated the relationship
between superconducting properties and microstructure of the bulks in detail. Measurement results
show that the maximum trapped �ux density value of bulk A is 0.48 T, and that of bulk B is 0.5 T. The
distribution of transition temperature (TC) and critical current density (JC) becomes more uniform
along the c- and a/b-directions in bulk A. In bulk B, i.e., without a bu�er layer, the JC varies greatly
at di�erent locations due to microstructural inhomogeneity. The bu�er layer acting as a large seed
can increase the growth rate, resulting in a decrease in the size and an increase in the concentration
of Gd2BaCuO5 (Gd211) particles in the microstructure according to pushing/trapping and coarsening
theory. The corresponding JC performance shows a certain improvement in all �elds, which suggests
that the bu�er layer has a positive e�ect on the spatial uniformity of superconducting properties in
superconductor bulks.

topics: GdBCO superconductor bulk, top-seeded melt-texture growth (TSMG) method, critical current
density, bu�er layer

1. Introduction

High-temperature superconductors, such as
REBa2Cu3O7−δ (REBCO or RE123, where RE
represents rare earth elements, like Y, Gd, Sm,
Nd, etc.), exhibit superior magnetic �eld trapping
capabilities and higher critical current density
compared to low-temperature superconductors.
This makes them more suitable for practical
applications in production and daily life. High-
temperature superconductors have already had a
signi�cant impact on practical applications such
as maglev trains, �ywheel energy storage systems,
and superconducting bearings [1�5]. Currently,
there are two main methods for preparing REBCO
superconductors: top-seeded melt-texture growth
(TSMG) and top-seeded in�ltration and growth
(TSIG). TSMG has been widely studied due to
its convenience and e�ectiveness [6, 7]. However,
traditional TSMG can cause sample shrinkage due

to di�usion and loss of the liquid phase, leading to
decreased superconductivity or sample preparation
failure [8, 9]. In contrast, TSIG can reduce sample
shrinkage by introducing a liquid phase source,
which ensures a su�cient amount of liquid phase
to the precursor pellet [10]. To address this issue,
RE123 pellets were introduced as a liquid phase
source in the TSMG process, resulting in a modi�ed
TSMG.
In the 1990s, bu�er layer technology emerged as

a versatile method for various purposes in high-
performance coated conductor production: relieving
lattice mismatch stress, overcoming strong di�usion
of cations, minimizing �lm�substrate reactions, and
promoting texture growth of highly c-axis-oriented
REBCO phase [11�14]. Over time, bu�er-assisted
technology has become recognized as an e�ective
means to enhance high-temperature superconduc-
tor performance [15�18]. The bu�er layer acts as a
protective barrier against contamination from crys-
tal seeds, enhances the thermal stability of seeds,
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and serves as a large seed for growing large REBCO
superconductors. Consequently, bu�er layer tech-
nology [19�22] has seen rapid development and
gained widespread attention. Li et al. [23] demon-
strated that combining bu�er layer technology with
the TSMG method could suppress Mg and Sm dif-
fusion in seed material, leading to a higher critical
transition temperature (TC) in the specimens lo-
cated near �lm seeds compared to those in the bulk
without the bu�er layer. Namburi et al. [24] inves-
tigated the e�ect of di�erent bu�er layer compo-
sitions and aspect ratios on superconductivity and
found that bu�er particles can improve the super-
conducting properties and thermal stability of crys-
tal seeds. Furthermore, it was suggested that bu�er
layers could serve as large seeds to promote nucle-
ation and growth of the Y123 phase at reduced costs
while producing larger diameter samples.
The equation Btrap = Aµ0JCR (where A is a

constant and µ0 is the permeability of vacuum) re-
veals that the trapped �ux density Btrap in high-
temperature superconductor bulks is directly pro-
portional to the critical current density JC and the
radius R of single-domain superconductor bulks.
However, factors such as micro- and macro-cracks,
subgrain boundaries, dislocations, and Gd211 par-
ticle distribution [25, 26] usually adversely a�ect
the JC properties. Nano-sized non-superconducting
defects or dopants in the superconducting RE123
phase substrate can also impact JC by acting as
e�ective �ux pinning centers. Recent studies have
shown that porosity has a detrimental e�ect on
JC , with no signi�cant correlation found between
RE2BaCuO5 (RE211) particle distribution and lo-
calized JC in GdBCO bulks. Baumann et al. [27]
used three-dimensional (3D) X-ray computer to-
mography (XCT) and a superconducting quantum
interference device (SQUID) to investigate the ef-
fect of porosity on JC in superconductor bulks.
Their results indicate that reducing porosity on the
micron scale enhances JC . To improve the quality
and superconducting properties of REBCO super-
conductors, it is crucial to explore the relationship
between microstructure and superconducting prop-
erties. This paper presents the successful prepara-
tion of two types of GdBCO superconductor bulks
with and without a bu�er layer using the modi-
�ed TSMG method. By measuring critical transi-
tion temperature TC , critical current density JC ,
and scanning electron microstructure (SEM) maps
at di�erent locations within the bulks, we analyzed
the relationship between superconducting proper-
ties and microstructure. Our results show that the
introduction of a bu�er layer leads to a more con-
centrated distribution of the critical transition tem-
perature TC and a more consistent JC pro�le at dif-
ferent locations. The distribution of Gd211 particles
in the microstructure suggests that this improve-
ment in uniformity is primarily due to the addition
of a bu�er layer, which facilitates the uniformity of
superconducting properties in bulks.

Fig. 1. Top view of GdBCO superconductor bulks
with (a) and without (b) a bu�er layer.

2. Experimental details

Commercially pure powders of GdBa2Cu3O7−δ

(Gd123) (99.9%) and Gd2BaCuO5 (Gd211)
(99.9%) were mixed in a molar ratio of
Gd123 : Gd211 = 4 : 1. After mixing thoroughly
with a mortar, the powders were pressed into a
cylinder pellet with a diameter of 6 mm and a
thickness of 3 mm, which served as the bu�er layer.
In order to improve the mechanical properties of
the bulks and re�ne the Gd211 particles, 10 wt%
of Ag2O and 0.5 wt% of Pt were added afterward,
and then pressed into a pellet with a diameter of
25 mm and a thickness of 12 mm, which served
as the precursor. Commercially pure powder of
YBa2Cu3O7−δ (Y123) was pressed into a pellet
with the diameter of 25 mm and the thickness
of 3 mm, which was placed under the precursor
as the liquid phase source. The NdBCO seed
crystals based on MgO substrate with dimensions
of 2 × 2 × 0.5 mm3 were placed at the center of
the bu�er layer, which was then placed on the
upper surface of the precursor. In addition, the
5 g of Y2O3 was pressed into a pellet with a
diameter of 25 mm and placed under the liquid
phase source to prevent the reaction with the
Al2O3 substrate. Meanwhile, we fabricated another
GdBCO precursor without the bu�er layer under
the same conditions. NdBCO seed crystals were
placed directly on the upper surface of the pre-
cursor to guide the growth of the superconductor
bulk. For ease of di�erentiation, we labeled super-
conductor bulks with the bu�er layer as bulk A
and those without the bu�er layer as bulk B. Two
arrangements were placed in a box furnace for the
modi�ed TSMG process. Temperature was �rst
rapidly raised from room temperature to 1080◦C
and held for 1 h. Then, it was rapidly lowered
to 1009◦C and slowly cooled down to 979◦C at a
0.3◦C/h rate. Finally, the temperature was cooled
to room temperature within 10 h. At the end of
the sintering, the samples were annealed in the
high-purity oxygen �ow. The samples were heated
to 450◦C in 5 h and held for 40 h, then cooled to
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TABLE I
Specimens, dimensions (width � a, length � b, height � c), and masses of bulk A and bulk B.

Specimens

bulk A bulk B

Dimensions a/b/c

of the specimens

[mm]

Masses of

the specimens

[mg]

Dimensions a/b/c

of the specimens

[mm]

Masses of

the specimens

[mg]

c1 1.64/1.70/0.96 19.6 1.70/2.06/1.00 25.0

c2 1.74/1.74/0.98 21.1 1.66/1.84/1.00 20.8

c3 1.58/1.74/0.96 19.3 1.74/2.00/0.96 23.4

c4 1.68/1.84/0.92 20.0 1.52/2.10/0.90 20.5

b1 1.58/1.84/0.92 19.8 1.74/1.98/0.90 23.2

a1 1.98/2.08/0.96 23.8 1.68/1.78/0.96 20.3

s1 1.96/2.08/0.84 22.7 1.70/1.80/0.94 19.5

t1 1.80/2.06/0.90 21.3 1.50/1.82/0.96 16.4

b3 1.78/1.78/1.00 22.8 1.64/1.78/0.96 16.5

a3 1.82/2.02/1.00 21.5 1.70/1.80/1.00 20.6

s3 1.66/1.78/0.92 19.7 1.80/1.82/0.96 18.5

t3 1.88/1.94/0.92 20.2 1.80/1.84/0.94 20.4

400◦C in 40 h, to 300◦C in 100 h, and �nally cooled
naturally to room temperature. The growth bulks
are shown in Fig. 1.

For the measurement of trapped �ux density, the
samples were cooled down to the liquid nitrogen
temperature under a magnetic �eld of 1.5 T. The
applied magnetic �eld was removed after 30 min,
and then the trapped �ux density distribution was
measured using a Hall probe sensor, with the probe
kept 0.5 mm from the sample surface. In order to
investigate the relationship between microstructure
and superconducting properties, we cut the sam-
ples into small specimens of 2 × 2 × 1 mm3 along
the c-direction and a/b-direction, respectively. The
speci�c cutting positions are shown in Fig. 2, where
four specimens, labeled c1, c2, c3, and c4, were cut
along the c-direction directly below the seeds, and
four specimens, labeled b1, a1, s1, and t1, were cut
from the seed to the edge of the bulks along the
a/b-direction starting from the c1 position. Simi-
larly, four specimens, labeled b3, a3, s3, and t3,
were cut from the seed to the edge of the sample
along the a/b-direction starting from position c3.
The dimensions (width � a, length � b, height
� c) and masses of the specimens in bulk A and
bulk B are shown in Table I. The DC magnetiza-
tion measurements of the specimens were carried
out using the physical property measurement sys-
tem (PPMS), and the critical current densities were
calculated from the extended Bean critical state
model [28]. According to the formula

JC =
20∆M

aV
(
1− a

3b

) , (1)

where a and b are the width and length of the spec-
imens with a ≤ b, V is the volume of the speci-
mens, and ∆M is the di�erence between positive

Fig. 2. Schematic diagram of the positions of all
specimens cut from the GdBCO superconductor
bulks with (a) and without (b) a bu�er layer.

and negative magnetic moments. The microstruc-
ture was observed through the scanning electron
microscope (SEM).

3. Results and discussion

Figure 1 shows the growth results of two single-
domain GdBCO superconductor bulks fabricated
by the modi�ed TSMG process with (a) and
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Fig. 3. The top surface trapped �eld (3D map and 2D map) of GdBCO superconductor bulks with (bulk A)
and without (bulk B) the bu�er layer. (a) 2D map of bulk A; (b) 3D map of bulk A; (c) 2D map of bulk B;
(d) 3D map of bulk B.

without (b) a bu�er layer. NdBCO seed crystals of
two GdBCO bulks are not melted, and the four-fold
growth facet lines can be clearly observed, which in-
dicates the successful preparation of the GdBCO su-
perconductor bulks. With the addition of the bu�er
layer, the growth of the superconductor bulk in-
duces the bu�er layer �rst from the seed and then
from the main pellet. Such a bu�er-assisted seed-
ing architecture can reduce the depth of the grain
boundary formed by the top surface and the a/c-
growth sector boundaries (a/c-GSBs), thus reduc-
ing the a-growth sector (a-GS) volume and increas-
ing the c-growth sector (c-GS) volume [29�31]. Diko
et al. [32] found that in superconductor bulks pre-
pared using the TSMG method, Y211 and solidi�ed
liquid phases tend to accumulate near the growth
sector boundaries (GSBs), leading to impaired su-
perconductivity near the GSBs. The increase in c-
GS volume in the bulk implies the decrease in a/c-
GSBs and non-superconducting phases, so it is fa-
vorable for the superconducting properties.

Figure 3 shows the trapped �ux density of bulk A
with a bu�er layer and bulk B without a bu�er
layer. It is clear that the quadrilateral circle of
bulk A is more symmetrical than the triangular cir-
cle of bulk B in a two-dimensional (2D) view. As
shown in Fig. 3a and c, trapped magnetic �elds with
good symmetry usually indicate a uniform distri-
bution of superconducting properties, therefore we
predict that bulk A with a bu�er layer has more

uniform superconducting properties. The trapped
�eld pro�les of bulk A and bulk B exhibit conical
shapes as well as a single peak, meaning that the
samples constitute a single-domain bulk. The max-
imum trapped �ux density values measured by the
Hall probe sensor are 0.48 T in bulk A with a bu�er
layer and 0.50 T in bulk B without a bu�er layer.
The small di�erence in their trapped �eld suggests
that the addition of the bu�er layer does not dam-
age the superconducting properties of GdBCO bulk.

Figure 4a and b shows the temperature depen-
dence of magnetization of specimens c1, c2, c3, and
c4 below the seeds in, respectively, bulk A with a
bu�er layer and bulk B without a bu�er layer in
a zero-�eld-cooling (ZFC) mode under 10 Oe ap-
plied �elds with H ∥ c-axis. It can be seen that
all specimens have the onset transition tempera-
ture TC values higher than 94 K, indicating excel-
lent superconducting properties for both bulks. The
onset TC increases with increasing distance along
the c-direction in bulk A (Fig. 4a), where the c3
specimen has the largest onset TC of 94.8 K. Com-
pared with bulk B, the TC distribution in bulk A
is more concentrated, and all specimens maintain
a narrower transition width. Bulk B (Fig. 4b) has
a more dispersed distribution of onset TC values,
with the c1 specimen below the seed having the
smallest onset TC value, i.e., 95.1 K, and the c4
specimen at the bottom having the largest onset
TC value, i.e., 95.8 K. The critical temperature TC
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Fig. 4. The temperature dependence of magnetization of specimens in GdBCO superconductor bulks with (a)
and without (b) the bu�er layer along the c-direction in a ZFC mode under 10 Oe applied �elds with H ∥ c-axis.
The magnetic �eld µ0H dependence of critical current density JC of specimens in GdBCO superconductor
bulks with (c) and without (d) the bu�er layer along the c-direction at 77 K. The insets show magnetic
hysteresis loops of specimens in GdBCO superconductor bulks with (c) and without (d) the bu�er layer along
the c-direction at 77 K. (e) Position dependence of self-�eld JC of specimens in GdBCO superconductor bulks
with and without the bu�er layer along the c-direction.

of the c1 specimen below the seed decreases signif-
icantly compared to the other specimens and ex-
hibits a maximum transition width of 2.1 K. The
transition width of the c1 specimen after the intro-
duction of the bu�er layer reduces to about 1 K.
This is due to the direct contact between the seed
NdBCO and the GdBCO bulk in bulk B, which con-
taminated the area near the seed [23, 33]. Due to
the lattice mismatch e�ect, orientation errors and
large stresses are easily generated at the interface
of the two materials, which leads to the chemical
�uctuations of RE/Ba substitution and the forma-
tion of cracks, etc., in bulk B. Then the transition
width of TC is increased. The introduction of the
bu�er layer can also e�ectively absorb the defects
brought about by this lattice mismatch and inhibit
their propagation to the interior of the body. There-
fore, the specimens in bulk A exhibit TC values
around 94 K and sharp transition widths. However,
NdBCO seed contamination mainly a�ects the area
near the seed, and the insertion of the bu�er layer
absorbs this contamination. The reaction between
the MgO substrates of the NdBCO �lm seed and
the bu�er layer during the TSMG process leads to
the di�usion of the Mg element into the GdBCO
bulk [23]. The onset TC of the specimens in bulk A
is around 94 K and lower than that in bulk B, which
indicates a uniform distribution of TC at di�erent
locations, as shown in the trapped �eld in Fig. 3.

Figure 4c and d corresponds to the magnetic �eld
µ0H dependence of critical current density JC for
specimens in the c-direction below the seed at 77 K
in bulk A with a bu�er layer and bulk B without
a bu�er layer. The insets show magnetic hysteresis
loops of specimens in GdBCO superconductor bulks
with (c) and without (d) the bu�er layer along the
c-direction at 77 K, which are used for calculating
JC in Fig. 4c and d and are common in GdBCO
bulks [5]. The self-�eld JC values of these speci-
mens are plotted in Fig. 4e in order to clearly il-
lustrate the performance of these specimens in the
self-�eld. Figure 4c shows that the JC distributions
of the specimens in bulk A are almost the same
under the applied magnetic �eld, with a uniform
distribution of JC . The maximum self-�eld JC of
4.3 × 104 A/cm2 is observed for the c3 specimen,
while the best JC performance is seen for the c1
specimen below the seed under the medium �eld. In
contrast to bulk B, specimens c1 and c2 in bulk A
did not show a signi�cant second peak e�ect, which
indicates a decrease in Gd/Ba substitution at the
corresponding positions and is consistent with the
result of TC [22]. Figure 4d demonstrates that the
JC distribution at various positions in bulk B is no-
ticeably di�erent under the applied magnetic �eld.
The largest self-�eld JC of 4.4×104 A/cm2 was mea-
sured in specimen c3. In contrast, at mid-�eld, the
c1 and c2 specimens near the seed have the best JC
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performance and show an obvious second peak phe-
nomenon. Based on their wider transition widths,
this suggests a certain quantity of Gd/Ba substi-
tutions in the vicinity of the seeds [22], as shown
in Fig. 4b. The JC values of all specimens in bulk A
are higher than those of the specimen with corre-
sponding positions in bulk B at a magnetic �eld
of about 4 T and have a high irreversibility �eld.
The JC performance of the c4 specimen at the bot-
tom of bulk B is obviously decreased, and the JC
value at mid-�eld is one-�fth of that of the c1 spec-
imen. It indicates that the size of the Gd211 par-
ticle phase becomes larger here or the proportion
decreases. The bu�er-assisted seeding architecture
of bulk A enlarges the c-GS volume [29, 30], which
is consistent with previous results. From Fig. 4e, it
is obvious that the self-�eld JC values in the di�er-
ent locations of the c-direction of bulk A with the
addition of a bu�er layer are higher than those in
bulk B. The self-�eld JC values have the same vari-
ation along the c-direction in bulk A and bulk B,
increasing from the c1 position to the c3 position
and then decreasing at the c4 position. It can be
seen that the introduction of the bu�er layer does
not change the variation of JC along the c-direction.
The results of the JC curves show that the bu�er
layer can lead to a certain improvement in the JC
performance under all �elds. Moreover, the unifor-
mity of the JC distribution in the c-direction is also
improved, which is consistent with the good sym-
metry of the trapped �eld shown in Fig. 3.
An ideal microstructure is essential for obtain-

ing superior superconductivity in superconductor
bulks. Scanning electron microscope photographs at
5000x magni�cation of specimens c1, c2, c3, and c4
in bulk A with a bu�er layer and bulk B without a
bu�er layer are presented in Fig. 5, where the dis-
tribution of the Gd211 particles can be observed.
The gray-white particles are Gd211 particles. With
the addition of the bu�er layer, the distribution of
Gd211 particles at di�erent locations in the GdBCO
bulk was signi�cantly more uniform. The concen-
tration of Gd211 particles at position c4 in bulk B
without a bu�er layer decreases dramatically be-
cause c4 is located at the bottom of the bulk, which
may be related to the end of the growth process, as
shown in Fig. 1 and Fig. 4d. In contrast, the con-
centration of Gd211 particles increased signi�cantly
after the addition of the bu�er layer (in Fig. 5g),
and the corresponding superconducting properties
(in Fig. 4c) were also improved. In order to clearly
observe the distribution of Gd211 particles, we used
ImageJ software to count the size and the fraction
of the area occupied by Gd211 particles. Figure 6a
shows that the average size of Gd211 along the c-
direction in bulk A with the addition of the bu�er
remarkably decreases, and maintains a similar trend
compared with that of bulk B without the addi-
tion of the bu�er, which �rst increases slightly and
then decreases with increasing distance from the
seed, except the slight increase in c4 specimen of

Fig. 5. Scanning electron microscope photographs
of specimens in GdBCO superconductor bulks with
(bulk A) and without (bulk B) the bu�er layer along
the c-direction at 5000x magni�cation.

bulk A. Figure 6b shows that the area fraction occu-
pied by Gd211 particles varies di�erently along the
c-direction in two bulks, i.e., while the area fraction
occupied by Gd211 particles in bulk B increases and
then decreases along the c-direction, the area frac-
tion occupied by Gd211 particles in bulk A gradu-
ally decreases as the distance increases.

The variation trend of Gd211 particles can be
extrapolated from the pushing/trapping theory of
RE211 solid particles in the liquid phase [34�36].
According to this theory, when RE123 grows and
solidi�es at a certain rate R, there exists a critical
radius r∗ for RE211 solid particles, namely

R ∝ ∆σ0

η r∗
. (2)

In (2),∆σ0 is the net interface energy of the system,
and η is the viscosity coe�cient of the liquid phase.
When the radius r of RE211 particles in the liquid
phase is larger than r∗, the particles are trapped
by the RE123 growth front and retained within the
RE123 growth zone. If the radius of RE211 parti-
cle is smaller than r∗, it will be pushed out by the
growth front and will not remain within the growth
zone.
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Fig. 6. Distribution of the average size (a) and
area occupied by Gd211 particles (b) along the
c-direction in GdBCO superconductor bulks with
(bulk A) and without (bulk B) a bu�er layer.

According to the Ostwald coarsening theory,
RE211 particles residing in the liquid phase undergo
the Oswald coarsening process. During this process,
the smaller-sized RE211 particles dissolve and dis-
appear into the liquid phase, while the dissolved
RE3+ ions migrate to the larger-sized RE211 parti-
cles, allowing further growth and coarsening of the
larger particles [37, 38]. The Ostwald coarsening be-
havior of RE211 particles can be expressed by the
formula

r3t−r30 =
ADσV C

RT
t, (3)

where A is a constant, D is the di�usion coe�-
cient of the liquid phase, σ is the free energy of
the RE211/liquid phase interface, V is the volume
of 1 mole of RE211 solid particles, C is the concen-
tration of dissolved ions in the liquid phase, R is the
gas constant, T is the absolute temperature, t is the
residence time of the RE211 particles in the liquid
phase, and rt and r0 are the average particle radius
of the RE211 particles at the moment of t and at
the moment of t = 0, respectively.
According to the pushing/trapping theory, the

growth rate of bulk A with a bu�er-assisted struc-
ture increases because it can function as a large
seed, resulting in a decrease in the net interface

Fig. 7. Normalised functional relationship be-
tween pinning force density, Fp/Fp,max, and reduc-
tion �eld, H/Hirr, of c1 and c2 specimens located
below the seeds of GdBCO superconductor bulks
with (bulk A) and without (bulk B) a bu�er layer
at a constant temperature of 77 K.

energy ∆σ0 of the system, and thereby a decrease in
r∗. So the size of trapped Gd211 particles of bulk A
decreases and the number increases, indicating that
the bu�er layer has some e�ect of re�ning the Gd211
particles, as shown in Fig. 6a. Smaller Gd211 par-
ticles serving as pinning centers [21, 24] improved
JC , so the specimens of bulk A had the best JC
performance, as shown in Fig. 4. At the same time,
the area fraction occupied by Gd211 particles of
bulk A is larger than that of bulk B, as shown
in Fig. 6b, which is related to the improved self-
�eld JC in bulk A [39]. This is consistent with the
results in Fig. 4e.

With the increase in the growth time, the ra-
dius of Gd211 particles increases, thus Fig. 6a shows
that the size of Gd211 particles at the c2 position
increases. It is worth noting that the Gd211 par-
ticle size starts to decrease sharply at the c3 po-
sition, which is due to two main reasons. Firstly,
the c3 specimen is farther away from the seed and
has a higher growth rate. According to the push-
ing/trapping theory, the size of Gd211 particles
trapped in the Gd123 growth zone by the growth
front decreases. Secondly, the addition of a Y123
liquid phase source reduces the viscosity coe�cient
of the liquid phase. Therefore, it enlarges the growth
rate, and the dissolution rate of Gd211 particles be-
comes faster, leading to a decrease in the size of
Gd211 particles, an increase in their number, and
a decrease in the area fraction occupied by Gd211
particles rate. Then, the best JC performance is in
the c3 specimens, as shown in Fig. 4. In addition,
the area fraction occupied by Gd211 particles on the
c4 specimen at the bottom of both bulks was signi�-
cantly decreased, which may be related to the expo-
sure to the liquid phase source. The concentration of
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Gd211 particles decreases because of the increased
concentration of the liquid-rich phase in the mi-
crostructure [40]. This is the reason for the sudden
decrease in the JC properties (in Fig. 4e) of the c4
specimen. Although there is not much di�erence in
the size of Gd211 particles between the c4 specimen
and the c3 specimen, the superconducting perfor-
mance of the c4 specimen decreases because of the
signi�cant decrease in the area fraction of Gd211
particles, as shown in Fig. 6b.
In order to analyze the e�ect of the bu�er layer

structure on the �ux-pinning mechanism of the
GdBCO bulk superconductors, the normalized pin-
ning force density Fp/Fp,max as a function of re-
duced �eld H/Hirr at positions c1 and c2 below the
seeds in bulks A and B is given in Fig. 7. Accord-
ing to Dew�Hughes [41�46], the peak positions h0 in
the plots represent di�erent superconductor pinning
mechanisms, with normal core pinning (δl pinning)
denoted when h0 ≤ 0.3 and ∆κ core pinning (δTC

pinning) when h0 ≥ 0.5. The type δl pinning is
caused by non-superconducting particles, but this
pinning strength is independent of the nature of
the particles. In contrast, the type δTC pinning is
caused by �uctuations in the chemical composition
of the superconducting matrix, such as the oxygen-
de�cient region produced by the insu�cient oxygen
penetration or the solid solution phase caused by
the RE/Ba substitution. The peak positions h0 of
c1 and c2 specimens below the seed of bulk B with-
out a bu�er layer are both 0.47, which indicates
that dominant δTC results from the RE/Ba substi-
tution with the obvious second peak e�ect, as shown
in Fig. 4d. After the addition of the bu�er layer, the
peak positions h0 of c1 and c2 specimens decreases,
which indicates that the δTC pinning was slightly
weakened, accompanied by the disappearing of the
second peak e�ect, as shown in Fig. 4c. Obviously,
the normalized pinning force is enhanced at H/Hirr

less than 0.2 in bulk A with a bu�er layer, which
is the other evidence of increased δl pinning. The
bu�er layer has the e�ect of a large seed, induces
the Gd211 particles to be re�ned and reduces the
RE/Ba substitution, supporting our previous dis-
cussion.
Figure 8a and b corresponds to the temperature

dependence of the magnetization for the �rst layer
of specimens (c1, b1, a1, s1, and t1) along the a/b-
direction in, respectively, bulk A and bulk B in a
ZFC mode under 10 Oe applied �elds with H ∥ c-
axis. Figure 8c and d corresponds to the tempera-
ture dependence of the magnetization for the third
layer of specimens (c3, b3, a3, s3, and t3) along the
a/b-direction in, respectively, bulk A and bulk B.
The results show that the onset transition tempera-
ture TC values of the specimens in the a/b-direction
are distributed between 94�96 K, indicating that
the prepared GdBCO bulks have excellent super-
conductivity. In the �rst layer specimens of bulk A
(Fig. 8a), the onset TC values become larger with
increasing distance from the seed, and the largest

Fig. 8. The temperature dependence of magne-
tization of specimens in GdBCO superconductor
bulks with (bulk A) and without (bulk B) the bu�er
layer along the a/b-direction in a ZFC mode under
10 Oe applied �elds with H ∥ c-axis: (a) the �rst
layer specimens in bulk A; (b) the �rst layer spec-
imens in bulk B; (c) the third layer specimens in
bulk A; (d) the third layer specimens in bulk B.
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Fig. 9. The magnetic �eld µ0H dependence of critical current density JC of specimens in GdBCO supercon-
ductor bulks with (bulk A) and without (bulk B) a bu�er layer along the a/b-direction at 77 K: (a) the �rst
layer specimens in bulk A; (b) the �rst layer specimens in bulk B; (c) the third layer specimens in bulk A;
(d) the third layer specimens in bulk B. The insets show magnetic hysteresis loops of specimens in GdBCO
superconductor bulks with (bulk A) and without (bulk B) the bu�er layer along the a/b-direction at 77 K:
(a) the �rst layer specimens in bulk A; (b) the �rst layer specimens in bulk B; (c) the third layer specimens
in bulk A; (d) the third layer specimens in bulk B. (e) Position dependence of self-�eld JC of specimens in
GdBCO superconductor bulks with and without the bu�er layer along the a/b-direction.

onset TC of 94.9 K is obtained at the bulk edge po-
sition t1. Compared to bulk B, the distribution of
onset TC values at di�erent locations in bulk A is
more concentrated, and the superconducting tran-
sition width is more narrow. The distribution of on-
set TC values in the �rst layer of the specimens in
bulk B (Fig. 8b) is relatively dispersed, with the
smallest onset TC at the edge position s1. The tran-
sition width of specimen b1 near the seed is the
most obvious compared to other specimens, with a
transition width value of about 1.8 K. We speculate
that the larger transition width observed in speci-
men b1, which is located near the NdBCO seed in
bulk B, may be attributed to an increased RE/Ba
substitution [22]. This suggests that the NdBCO
seed could contaminate bulk B in the absence of
a bu�er layer, and the bu�er layer plays the role
of absorbing the seed contamination, so the transi-
tion width of b1 decreases after adding the bu�er
layer in bulk A. Figure 8c shows that the onset TC

value of the third layer specimen in bulk A is al-
most the same at 94.6 K and maintains a drastic
transition width, which indicates that the distribu-
tion of TC is almost independent of the position.
Meanwhile, the TC distribution of the third layer
of specimens in bulk A is signi�cantly more uni-
form, and all the specimens exhibit a sharp transi-
tion width. Overall, the TC distribution in bulk A is

more concentrated, and the transition width varies
more drastically. The onset transition temperature
of bulk B is relatively high, but the TC value at dif-
ferent locations is quite di�erent. MgO substrates
of NdBCO �lm seed react with the bu�er layer,
which results in the penetration of a tiny Mg el-
ement to GdBCO bulk during the TSMG process
and is responsible for the decline of the onset TC in
bulk A [23]. The addition of a bu�er layer resulted
in a concentrated distribution of the critical tran-
sition temperature TC at di�erent locations and a
decrease in the transition width.
Figure 9 shows the magnetic �eld µ0H depen-

dence of critical current density JC for the �rst layer
of specimens (c1, b1, a1, s1, and t1) and the third
layer of specimens (c3, b3, a3, s3, and t3) in bulk A
and bulk B at 77 K. At the same time, magnetic
hysteresis loops for the �rst layer of specimens (c1,
b1, a1, s1 and t1) and the third layer of specimens
(c3, b3, a3, s3, and t3) in bulk A and bulk B at
77 K are shown in the inset of Fig. 9a, b, c, and d,
which are used for calculating JC in Fig. 9a, b, c,
and d and are common in GdBCO bulks [5]. In
order to more visually analyze the distribution of
JC properties in the a/b-direction, we plotted the
self-�eld JC values of di�erent specimens in Fig. 9e.
Figure 9a shows that the JC distribution of the �rst
layer specimens in bulk A is relatively consistent,

203



Y. Zhang et al.

Fig. 10. Scanning electron microscope pho-
tographs of the �rst layer specimens in GdBCO
superconductor bulks with (bulk A) and without
(bulk B) a bu�er layer along the a/b-direction at
5000x magni�cation.

and there is no obvious second peak e�ect under
the medium �eld. The self-�eld JC value of the
specimen t1 at the edge of the bulk is the largest,
which is 4.4 × 104 A/cm2. Compared with that
of bulk B, the JC performance under the middle
and high �elds obtains some improvements, with a
higher irreversibility �eld. While the JC distribu-
tion of the �rst layer specimen in bulk B is rela-
tively dispersed, with the largest self-�eld JC value
at the t1 position, the c1 specimen under the mid-
�eld exhibits an obvious second peak, resulting from
the RE/Ba substitution, as shown in Fig. 9b. For
the third layer specimens in bulk A in Fig. 9c, the
self-�eld JC value of s3 near the edge is the high-
est, and the JC property near the seed under the
mid-�eld decreases more or less, accompanied by
the slight decrease in the spatial uniformity of the

JC distribution. However, as shown in Fig. 9d, from
the JC distribution of the third layer specimens in
bulk B, it is obvious that the JC performance of t3
at the edge position decreased signi�cantly with the
lowest self-�eld JC value of 2.4×104 A/cm2, and the
corresponding TC transition width increased, which
may be related to the end of the growth process
or the presence of excess Gd211 phase inclusions.
In contrast, the t3 specimen of bulk A showed al-
most the best JC performance in all �elds. A bu�er-
assisted seeding architecture reduces the depth of
the grain boundary formed by the top surface and
the a/c growth sector boundaries [29�31], thus caus-
ing a sharp increase in JC of the t3 specimen in
bulk A, which con�rms our inference. From Fig. 9e,
it is clear that the trend in the self-�eld JC values
of the �rst layer specimens in both bulks is simi-
lar along the a/b-direction, with an overall increase
from the seed to the edge. This means that the JC
values at the edge position of the samples are higher
than those of the specimens near the seed, which is
a common phenomenon in REBCO superconductor
bulks [47]. During the growth of REBCO supercon-
ductors, small Gd211 particles in the a/b-direction
are similarly pushed to the growth front due to the
pushing/trapping theory and coarsening of Gd211
particles, resulting in a general decrease in the size
of Gd211 at the edge position. The small Gd211
particles as the pinning center can greatly improve
the JC performance. The self-�eld JC values of the
third layer specimens in bulk B keep dropping from
the seed to the edge. Thus, it suggests that the
distribution of microstructures may be di�erent in
two layers positions of bulk B, and the distribution
of superconducting properties is less homogeneous.
Compared with the two bulks, the JC performance
of the specimens in the a/b-direction after the intro-
duction of the bu�er layer obtains a certain increase
in all �elds, and the di�erence in the JC distribu-
tion between di�erent locations in bulk A is small,
and the spatial uniformity of the superconducting
properties obtains an increase. However, with the
increase in growth depth, there are de�nite declines
in the uniformity.
Figure 10 shows 5000x magni�cation scanning

electron micrographs of the �rst layer specimens
along the a/b-direction in bulk A with a bu�er layer
and bulk B without a bu�er layer. Similarly, we
measured the size and area occupied by the Gd211
particles using ImageJ software, and the results are
shown in Fig. 11. As shown in Fig. 11a, the size
of Gd211 particles in bulk A increases and then de-
creases along the a/b-direction, reaching a minimum
at specimen t1 at the edge of the bulk. However,
there is no regularity in the variation of particle size
of Gd211 along the a/b-direction in bulk B. The size
of Gd211 particles decreases at position b1 near the
seed, increases signi�cantly at position s1 near the
edge, and then decreases dramatically at position t1
at the edge. This indicates that the size of Gd211
particles at di�erent locations varies considerably,

204



Improved Uniformity of Superconducting Properties. . .

Fig. 11. Distribution of the average size (a) and
area occupied by Gd211 particles (b) along the a/b-
direction for the �rst layer of specimens in GdBCO
superconductor bulks with (bulk A) and without
(bulk B) a bu�er layer.

so the local JC distribution in bulk B is less uni-
form [39], consistent with the results in Fig. 9b. We
suggest that this inhomogeneity may be related to
the early stages of growth of the GdBCO supercon-
ductor bulks. At the initial stage of melt growth, the
growth rate of the Gd123 phase is not stable due
to temperature anisotropy, resulting in large vari-
ations in the size of the trapped Gd211 particles.
The inclusion of a bu�er layer may be bene�cial in
stabilizing the growth rate on the top surface of the
bulk so that the size change of Gd211 particles in
bulk A is �at, which is related to a relatively uni-
form distribution of JC , as shown in Fig. 9a. With
the increase in growth time, the size of Gd211 par-
ticles increases [37, 38]. Compared to the c1 speci-
men below the seed, the t1 specimen at the edge of
the bulk has a decreased Gd211 particle size, which
usually results from the pushing/trapping theory.
In turn, this resulted in higher JC for specimens
near the edge than for specimens below the seed.
Figure 11b shows that the area fraction occupied by
Gd211particles of bulk A and bulk B have the same
variation along the a/b-direction, both decreasing
and then increasing. This indicates that the number
of Gd211 particles decreases at the a1 position and

increases at the edge of the bulk. It can be seen that
there is an increase in the number of Gd211 particles
after the introduction of the bu�er layer, which in
turn favors the improvement of the JC performance
in the self-�eld of bulk A [39], as shown in Fig. 9e.
The growth rate in the a/b-direction also has some
variation in bulk A due to the addition of the bu�er
layer. Based on the trapping/pushing theory, with
the increase in the growth rate, the rate of dissolu-
tion of Gd211 particles in the liquid phase increases,
resulting in the smaller-sized Gd211 particles in a
certain number being trapped in the growth zone.

4. Conclusions

In this study, we successfully prepared two single-
domain GdBa2Cu3O7−δ (GdBCO or Gd123) super-
conductor bulks with (bulk A) and without (bulk B)
a bu�er layer using the modi�ed top-seeded melt-
texture growth (TSMG) method. The bu�er layer,
consisting of Gd123 and Gd2BaCuO5 (Gd211) pow-
ders, was pressed into a cylindrical pellet with a di-
ameter of 6 mm and a thickness of 3 mm, which was
then inserted between the seed and the precursor.
We analyzed the e�ect of the bu�er layer on su-
perconducting properties by investigating trapped
�ux density, critical temperature (TC), critical cur-
rent density (JC), and microstructure in both bulks.
The quadrilateral circle of bulk A is more sym-
metrical than the triangular circle of bulk B in
a two-dimensional (2D) view of the trapped �eld.
The specimens in bulk A have TC values around
94 K and sharp transition widths. The introduction
of the bu�er layer can also e�ectively absorb the
defects and inhibit the RE/Ba substitute. Our re-
sults showed that the addition of the bu�er layer
improved the uniformity of JC distribution along
the c-direction, for example, it increased the self-
�eld JC value from 2.4 × 104 A/cm2 in c4 below
the seed of bulk B to 3.3 × 104 A/cm2 in c4 be-
low the seed of bulk A. SEM analysis revealed that
the size of Gd211 particles along the c-direction de-
creased, and their area increased after adding the
bu�er layer. This is because the bu�er layer has
a large seeding e�ect, which decreases the net in-
terfacial energy during the growth of the bulk. Ac-
cording to the pushing/trapping theory, the critical
radius r∗ will decrease under certain growth rate
conditions. Then, the Gd211 particle size in bulk A
decreases, and the concentration increases. These
small and abundant Gd211 particles are bene�cial
for JC performance. Furthermore, due to the in�u-
ence of the bu�er layer, the JC properties of speci-
mens in the a/b-direction were enhanced in all �elds
and more evenly distributed at di�erent locations.
In contrast, the �rst layer specimen in bulk B ex-
hibited signi�cant variations in Gd211 particle size,
with coarsening or re�nement at some locations.
However, the bu�er layer played a role in re�ning
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and uniformizing the distribution of Gd211 parti-
cles, which indicates that the bu�er layer also pos-
itively a�ects the superconducting properties along
the a/b-direction. Therefore, we believe that utiliz-
ing a bu�er layer improves superconducting proper-
ties and microstructural uniformity in GdBCO su-
perconductor bulks by improving the distribution of
Gd211 particles. This �nding is crucial for preparing
high-performance superconductor bulks.
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