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Abstract. We have fabricated the highly textured Y0.6Ho0.4Ba2Cu3Oy bulk superconductors by
a powder melting process (PMP) method and investigated the microstructure and flux pinning
characteristics. The microstructural observations show that there are many collective ‘stair like’
stacking faults in our sample, which is quite different from other melt-processed YBa2Cu3Oy .
The formation of these stacking faults is discussed. It is found that the density of stacking faults
is dramatically reduced when the sample is annealed at high temperature. After annealing, the
critical current density and irreversibility line are significantly decreased in H ‖ c and H ‖ ab

at various temperatures. These results clearly indicate that these stacking faults are very effective
pinning centres in the PMP YBCO superconductors over a wide temperature and field range. The
effect of stacking faults on the flux pining is sensitive to temperature and magnetic field. Also, the
influences of stacking faults on the relaxation rate, the apparent pinning potential and the anisotropy
of critical current are briefly studied.

1. Introduction

The exciting field for the applications of YBa2Cu3Oy (123) superconductors is large scale
power systems such as energy storage system, current limiters, magnetic bearings etc. For
these applications, high critical current density (Jc) is required. Recently, melt processes
such as melt textured growth (MTG) [1], melt–powder–melt growth (MPMG) [2], the liquid
phase process [3] and the powder melting process (PMP) [4] are widely used to prepare 123
superconductors with high Jc exceeding 104 A cm−2 at 77 K. In addition, highly textured 123
samples have been fabricated by solidification in a magnetic field [5]. Although it is possible
to obtain high quality 123 samples by using these methods, the flux creep and flux motion due
to high operating temperature (77 K) make it difficult to maintain high Jc in the presence of
magnetic fields. Therefore, the flux pining in melt-textured specimens should be improved to
meet the requirements of the applications.

It is well known that the flux pinning is an extrinsic property related to the crystal defects
and impurities in superconductors. Extensive microstructural investigations have shown that
many defects such as oxygen deficiencies, stacking faults, twins, dislocations and columnar
defects induced by ion irradiation are found in the melt-processed 123 samples. Some of
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them are proposed to be flux pinning candidates [6–11]. Also, it has been reported that even
though the non-superconducting Y2BaCuO5 (211) particles are too big to be effective pinning
centres, the superconducting and mechanical properties are enhanced by the introduction of 211
particles. The 123/211 interfaces or the defects associated with the interfaces are believed to
be the flux pinning sites [12–14]. To date, the effectiveness of the possible pinning centres has
not been fully understood although great progress has been made in increasing the flux pinning
in the melt-textured 123 samples. Many studies were carried out to understand the formation
mechanism and flux pinning role of stacking faults [15, 16]. It is reported that stacking faults
were widely found in the melt-processed 123 samples and most of them consist of a double CuO
chain. Some research indicated that these defects may act as effective pinning centres [17, 18],
whereas it was also found that their contribution to the flux pinning may be detrimental under
some conditions [19]. The previous work has shown that the flux pinning can be improved
through the introduction of stacking faults created by the addition of CuO to Y123 and the
shock-compacted process [20, 21]. However, their effectiveness in the flux pinning at different
temperatures and fields has not been fully established and should be further investigated. In
this paper, we fabricated Y0.6Ho0.4Ba2Cu3Oy bulk superconductors by the PMP method and
studied the microstructural features by transmission electron microscopy (TEM). The Jc values
of the samples with different numbers of stacking faults have been analysed to reveal the effect
of stacking faults on the flux pinning at various fields and temperatures.

2. Experiment

The sample with nominal compositions of Y0.6Ho0.4Ba2Cu3Oy was prepared by the powder
melting process technique. In the PMP method, the 211 and Ba–Cu–O phases were used as the
precursors instead of the 123 phase commonly adopted in other melt processes. The precursor
powders of Y1.2Ho0.8BaCuO5 and BaCuO2 were synthesized through a solid state reaction
technique using Y2O3, Ho2O3, BaCO3 and CuO. Then, these powders were well mixed in an
appropriate ratio and were cold pressed into a rectangular shape. The bars were put into a
tube furnace with the highest temperature of 1025 ◦C. The moving rate was about 3 mm h−1.
Finally, the sample was annealed at 550 ◦C for 40 h in flowing oxygen to insure complete
oxygenation of the sample. Also, annealing was continued to 400 ◦C at a slow cooling rate of
3 ◦C h−1 for possible additional oxygen loading and to room temperature at 5 ◦C min−1. This
sample was labelled ‘as melted’. Then, a small piece was cut off from the specimen for TEM
observations. The sample for TEM observation was obtained by polishing to the thickness of
20 µm followed by Ar ion milling.

Critical temperature was measured by a superconducting quantum interference device
(SQUID) magnetometer. Magnetization measurements were carried out using a SQUID
magnetometer with the magnetic field parallel to and perpendicular to the c-axis of the sample
at different temperatures. After these measurements, the same sample was annealed at 900 ◦C
for 30 h to reduce the density of the stacking faults. Then, the sample (marked ‘annealed’)
was subjected to the same oxygen treatment as the as-melt specimen. The magnetic hysteresis
loops were again measured and the microstructure was observed by TEM.

3. Results and discussion

It is well established that the superconducting and physical properties of melt-processed YBCO
samples are highly dependent on the microstructural features. The microstructure, however, is
strongly related to the sample processing methods. Figure 1 gives a typical TEM photograph
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Figure 1. A typical TEM image of the as-melted sample displaying high density of stacking faults.

of the as-melted specimen. A high density of stacking faults parallel to the ab-plane is found in
this sample. Extensive observations indicate that most stacking faults are collective and ‘stair-
like’ as shown in figure 2, which is quite different from the stacking faults randomly observed
in MTG and MPMG samples. Also, the density of stacking faults in our sample is much higher
than that in other melt-processed YBCO. It is identified that the stacking fault in this sample
is an excess CuO layer forming a local double chain layer, i.e. a local YBa2Cu4Oy (Y124)
phase. In addition, after checking several 211 particles, we found that the stacking faults are
not related to the 211 particles. Figure 3 illustrates the TEM image of stacking faults in the
specimen, showing no relation between stacking faults and 211 particles. This conclusion
is not in agreement with other results [22], in which the authors reported that the density of
stacking faults close to the 123/211 interfaces is much higher than that within the 123 matrix.
On the other hand, Sandiumenge et al observed that the density of stacking faults increases
dramatically at particular places. A high density of stacking faults is found in the 211 particle-
free region. Also, there is no net increase of their density on increasing the density of the 211
particles [23]. These results support our observations that stacking faults are not related to the
211 particles.

The formation mechanism of the stacking faults has been investigated by many
researchers [24, 25]. Although the origin of the stacking faults has not been clearly understood
in the melt-processed YBCO, the stacking faults are considered to be formed during the
solidification process. We think that the formation of stacking faults in our sample is due
to a local CuO excess rather than the strain between 123 and 211. This CuO excess may
be created by the non-equilibrium cooling and fast cooling in the PMP technique during the
growth of the 123 material. Another possible mechanism is proposed to be related to the
oxygen annealing process [26]. It is found that the Y123 phase is unstable at oxygen pressure
values above 10−3 bar around 450 ◦C and the Y123 and Y124 transformation may occur in the
oxygen annealing [27]. The following experiment rules out the possibility of such a mechanism
in our sample.

In order to further investigate the flux pinning effect of stacking faults, the same specimen
was annealed at 900 ◦C for 30 h followed by the same oxygen treatment as the as-melted
sample. After this high temperature annealing, the microstructure of the sample has some
changes. Figure 4 shows a TEM image of the annealed sample. It can be obviously seen
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Figure 2. A TEM photograph of the as-melted specimen. Note that the stacking faults are collective
and ‘stair-like’.

Figure 3. A TEM image of the as-melted sample showing no relation between stacking faults and
211 particles.

that the density of stacking faults is dramatically reduced by this annealing. This is easily
understood because the Y124 phase is unstable and will decompose to Y123 and CuO at high
temperature [28]. If stacking faults are formed during the oxygenation process, their density in
the annealed sample should be similar to that in the as-melted specimen since these two samples
were subjected to the same oxygen treatment. However, their density is much decreased by
the annealing treatment at 900 ◦C. Therefore, we believe that the formation of stacking faults
in our sample may be related to the solidification process. Moreover, such a large substitution
of Ho at the Y site may induce the formation of additional stacking faults.
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Figure 4. A TEM photograph of the annealed sample showing a huge reduction of the density of
stacking faults.

In addition, extensive microstructural observations show that the plate 123 crystals are also
highly textured with their ab-planes in the annealed sample. The size, number and distribution
of the 211 particles in the annealed sample are almost the same as the as-melted specimen.
Furthermore, twin boundaries in the annealed sample do not change after the high temperature
annealing.

The critical temperatures of the as-melted and annealed samples were tested by a SQUID
magnetometer with the magnetic field (10 Oe) parallel to the c-axis of the sample. The
result indicates that Tc is about 91 and 90.8 K for the as-melted sample and annealed
specimen, respectively. The transition width is around 0.8 K for the two samples, suggesting
a homogenous oxygen distribution over the sample. This means that there is no change in Tc

after the high temperature annealing process.
The critical current density of the samples both in H parallel to and perpendicular to

the c-axis is estimated from the magnetization by using Bean’s critical state model [29].
The magnetic field dependence of Jc for the as-melted and annealed samples at different
temperatures is shown in figures 5 and 6. Jc in H parallel to the c-axis for the as-melted
sample is quite high, about 7.6×104 A cm−2 at 77 K and 0.1 T, indicating that the flux pinning
in this sample is very strong. It may be observed that Jc is severely reduced, to 2.2×104 A cm−2

at the same condition, for the annealed specimen. The result clearly suggests that the stacking
faults are effective pinning centres in the low field region at high temperatures since only
the density of stacking faults is remarkably decreased after the annealed process at 900 ◦C.
This conclusion is different from other reports, in which the flux pinning at low fields in the
123 materials is believed to be associated with the 123/211 interfaces rather than stacking
faults [30]. This divergence may originate from the different kind and density of sacking faults
in other samples. In addition, it is also found in figures 5 and 6 that Jc is significantly reduced
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Figure 5. Critical current density as a function of magnetic field for the as-melted and annealed
samples at (a) 80 K and (b) 77 K.

in the annealed sample at temperatures from 40 to 80 K in high and low fields for both field
orientations. The decrease of Jc after the annealing process is not only temperature dependent
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Figure 6. Critical current density versus magnetic field for the as-melted and annealed samples at
(a) 60 K and (b) 40 K.

but also field dependent. The ratio (α) of Jc in the as-melted sample over Jc in the annealed
specimen is calculated and the results are displayed in figure 7. It can be seen that this ratio
is roughly the same for both field orientations at high temperatures, while it is larger in most
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Figure 7. Field dependence of the ratio of Jc in the as-melted sample over Jc in the annealed
specimen at (a) 80 K, (b) 77 K, (c) 60 K and (d) 40 K.

field regions for H ‖ c than that for H ‖ ab at low temperatures (60 and 40 K). Moreover,
our data can be basically divided into three regions except for the data at 40 K: (1) α increases
with initially increasing field and reaches its maximum; (2) α drops with the further increase
of the field; (3) α rises again in high fields. It is interesting to note that the field corresponding
to the maximum α remains around 0.4 T at these temperatures. At 77 and 80 K, the fact
that α increases with the increase of the field in high fields can be explained as follows. The
irreversibility line moves to low field after the annealing process as shown in figure 8. The
irreversibility field is reduced from 3.4 T in the as-melted specimen to 2.4 T in the annealed
sample at 80 K for H ‖ c. When the field approaches the irreversibility line Jc drops quickly.
Therefore, Jc in the annealed sample decreases rapidly in the high fields near its irreversibility
field, while Jc in the as-melted specimen falls off slowly in this field region compared to the
annealed sample. This will result in the increase of α in high fields. In addition, the field at
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Figure 8. Irreversibility field with H ‖ c versus temperature for the as-melted and annealed
samples. The irreversibility line is remarkably decreased in the annealed sample.

Figure 9. Field dependent normalized relaxation rate at 40 and 60 K in H ‖ c for the two samples.

which α starts to rise shifts to higher field in H ‖ ab than in H ‖ c since the irreversibility
field for H ‖ ab is larger than that for H ‖ c (as seen in figures 5(a) and (b)). However,
for 60 K and H ‖ ab, α begins to increase at field away from the irreversibility line. This is
because a peak effect is developed in the annealed sample for H ‖ ab and no peak is observed
in the as-melted sample (see figure 6(a)). It is noted that the absolute Jc value for H ‖ ab in
the annealed sample remains lower than that in the as-melted specimen. On the other hand, a
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Figure 10. Field dependence of the apparent pinning potential with H ‖ c at 40 and 60 K.

plateau feature in Jc is observed for H ‖ ab at 40 K in the annealed sample. This behaviour in
Jc of the annealed sample may be attributed to the random point defect pinning which becomes
active when the correlated pinning behaviour of the stacking faults is removed on annealing.
This feature is also noticed for H ‖ c in the annealed sample at 60 K. The peak field is shifted
to higher field values for H ‖ ab as expected. At 40 K, α is about 3 for H ‖ c from 1 to 6 T,
which can be interpreted by the broad peak effect shown in figure 6(b).

From the above discussion we can conclude that these collective ‘stairlike’ stacking faults
are very strong pinning centres in a wide range of temperatures and fields for both field
orientations. The contribution of stacking faults to the flux pinning is temperature and field
dependent. The effect of stacking faults on the flux pinning becomes larger with the initial
increase of the field and achieves a maximum at low field. Then, their flux pining role is
weaker in high fields but is also strong.

In order to obtain additional support in favour of the flux pinning effect of stacking faults,
the time decay of the magnetization was measured in a zero-field cooled condition for 3600 s
at 40 and 60 K in various fields for the as-melted and annealed samples. A magnetic field
much higher than the field for full penetration was applied before each decay measurement to
ensure the critical state. Figure 9 gives the field dependence of the normalized relaxation rate
S = −(dM/d ln t)/M0 in H ‖ c, which was determined from the relaxation curves. It can
be observed that the relaxation rate in the annealed sample is always larger than that in the
as-melted specimen, indicating that the presence of stacking faults can reduce the flux creep.
Also, an interesting feature in figure 9 is that a minimum value of S is found at each temperature
in high field for the as-melted and annealed samples. For example, at 60 K the minimum in
S occurs around 2 and 2.5 T for the as-melted sample and annealed specimen, respectively.
It is expected that this minimum in the relaxation rate may be related to the fishtail effect
since the flux pinning should be improved near the fishtail region. The field corresponding
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Figure 11. Anisotropy of critical current density (J ab
c /J c

c ) as a function of magnetic field at
(a) 80 K, (b) 77 K, (c) 60 K and (d) 40 K.

to the minimum S is lower than the field for the fishtail maximum (seen in figure 6(a) and
(b)), which is agreement with another report [31]. On the other hand, the apparent pinning
potential U0 of the samples was estimated from the expression based on the Anderson–Kim
model U0 = −kT /S. In figure 10, we present U0 as a function of the field at 40 and 60 K for
the specimens in H ‖ c. As observed in this figure, the as-melted sample exhibits a higher
value of the pinning potential at each temperature. This result clearly suggests that the pinning
potential is also improved by the stacking faults.

Generally speaking, the anisotropy of critical current {J ab
c (H ‖ c)/J c

c (H ‖ ab)} is related
to the microstructural anisotropy of the linear and planar defects, the intrinsic anisotropy of
vortices and the field dependence of Jc in both field orientations. Figure 11 shows the ratio



5854 Y Feng et al

of J ab
c /J c

c versus field at various temperatures for the as-melted and annealed samples. The
anisotropy increases with the decrease in temperature. At 40 K, the maximum ratio of J ab

c /J c
c

for the as-melted sample is about 7.4, while the anisotropy in a YBCO single crystal is much
higher, around 68 [32]. This result means that the flux pinning mechanism in a single crystal
is totally different from that in our sample. From figure 11, it can be observed that there is a
maximum value in the anisotropy of critical current at each temperature for the as-melted and
annealed samples. Also, the field for this maximum shifts toward higher field as temperature
drops. The ratios of the annealed sample at 77 and 80 K are similar to those of the as-melted
specimen, whereas the anisotropy in the annealed sample is much lower than that in the as-
melted sample for 40 and 60 K. This result implies that the stacking faults in our sample have
a big influence on the anisotropy of critical current at low temperatures. The reduction of
stacking faults will lead to a decrease in the anisotropy at low temperatures.

4. Conclusion

We have investigated the microstructural features and flux pinning of Y0.6Ho0.4Ba2Cu3Oy

bulk superconductors fabricated by a PMP method. A high density of collective ‘stair-like’
stacking faults is observed in the sample. These stacking faults are believed to be probably
formed during the solidification process, which is correlated to the characteristics of the PMP
technique. A high temperature annealing process will result in a huge elimination of stacking
faults and a significant decrease of Jc for both field directions at various temperatures. The
relaxation result also indicates that the presence of stacking faults can severely suppress the
flux creep and improve the apparent pinning potential. It is concluded that these stacking faults
can act as strong pinning centres in PMP 123 superconductors in a wide range of temperatures
and fields in both field orientations. Their contribution to the flux pinning is not only field
dependent but also temperature dependent. These stacking faults have a largest effect on the
flux pinning in low fields. Moreover, the anisotropy of critical current is decreased by the
reduction of the density of stacking faults at low temperatures.
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