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The effects of neutron irradiation with a fluence of 1015 n/cm2 on the superconducting properties of
GdBa2 Cu3 O7−δ single domain sample were studied. The point and cascade defects produced by the neutron
irradiation were observed by high-resolution transmission electron microscopy. The cascade defects were
found to have the sizes of about 4-7 nm which is comparable to the coherence lengths of high temperature superconductors. The point defects disappear while the cascades still exist through thermal annealing.
The temperature dependence of magnetization for the magnetic field parallel to the crystallographic c axis
shows that the neutron irradiation leads to a dramatic degradation of superconductivity for the as-irradiated
sample, a decrease of critical current density (Jc ), and the weakening of the fishtail effect in the Jc versus
magnetic induction B curve. However, for the as-irradiated sample annealed in the flowing oxygen atmosphere, it shows that Jc under high magnetic fields is greatly enhanced, the fishtail shifts towards higher
magnetic fields, and its superconductivity is partially recovered as well due to the remaining effective pinning
centers of the cascades. These results suggest a prospective application for such a treated GdBa2 Cu3 O7−δ
superconductor.
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incident neutrons. Point defects are produced by lower
energy (<1 keV) neutron collisions [11]. The cascade
defects are generated due to the displacement of large
numbers of oxygen atoms as a result of collisions with
neutrons having energies larger than 1 keV [11], leading
to the local melting of crystal. Transmission electron
microscopy (TEM) has shown that the size of cascades
is between 1 and 5 nm [9], which is comparable to the
coherence length of HTS. Based on the pinning models,
such cascade defects can act as effective pinning centers
[5-9].

I. INTRODUCTION

Enhancing the critical current density (Jc ) is crucial
for practical applications of high critical temperature
(Tc ) superconductors at high temperatures and high
magnetic fields. The introduction of artificial pinning
centers is an effective way to increase the current carrying capacity. Several methods for increasing the density
and effectiveness of vortex pinning sites to enhance Jc
have been developed to generate artificial defects [1-9].
Much more attention has been paid to the application of
neutron irradiation in high Tc superconductors (HTS)
[5-10], due to the introduction of effective flux pinning
centers in a controllable way. It is very important for
practical applications to study the neutron irradiation
effect on the flux pinning because of the possibility of
significantly enhanced critical current density [5-9].
Under neutron irradiation, a wide spectrum of defects
is created in the crystal by elastic collisions of the neutrons with the atoms. In the RBa2 Cu3 O7−δ (R=rare
earth element) system, oxygen atoms, as the most mobile component, escape from their original positions by
the transfer of energy from incident neutrons after the
elastic collisions, leading to a large number of oxygen
vacancies and interstitial oxygen atoms [7-9]. It has
been found that the neutron irradiation can induce different defect structures that depend on the energy of

In HTS research, the compound GdBa2 Cu3 O7−δ
(Gd123) is considered to be a promising candidate
for near-term practical applications [12-18], because it
shows high Tc and high Jc under magnetic fields due
to the presence of Gd-Ba solid solution which can be
regarded as the effective pinning centers for vortices.
The effects of Gd-Ba solid solution on the superconducting properties of Gd123 single domain samples were
studied in the authors’ previous work [19]. Only a few
studies on the neutron irradiation in GdBa2 Cu3 O7−δ
superconductor have been done because the point-like
Frenkel pair defects on the gadolinium sublattice induced by the low-energy neutron capture of gadolinium
strongly degrade the superconductivity of the sample
[20]. The production rate of such defects are very high
due to the large reaction cross sections of gadolinium
(σc (155)=6.14×104 b, σc (157)=2.55×105 b, b is the
unit of σ, and 1 b = 10−24 cm2 ) and significant contents of natural gadolinium isotopes [21]. These two
reactions are singled out because 155 Gd and 157 Gd ac-
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count for 99.99% of all neutron capture reactions in this
material. It has been proposed that these point defects
do not serve as effective flux-pinning centers, but such
high density point defects strongly degrade the superconductivity [20].
However, it has been noted that the point-like Frenkel
pair defects in the as-irradiated YBa2 Cu3 O7−δ can be
removed by a thermal annealing process while the larger
cascade defects remain to serve as pinning centers,
which enhances the superconductivity and the critical
current compared with the nonirradiated sample [7,8].
It is highly expected that thermal annealing treatment
would remove the irradiated point-like Frenkel pair defects on the gadolinium sublattice for Gd123 samples
and lead to an improvement of superconducting properties. In this study, a Gd123 single domain sample was
irradiated by neutrons (E≤0.1 MeV) and subsequently
annealed in a flowing oxygen atmosphere. The results
show that the Jc of the annealed irradiated sample is
greatly enhanced as compared with the nonirradiated
sample.

II. EXPERIMENTAL DETAILS

The nominal GdBa2 Cu3 O7−δ single-domain bulk was
fabricated by a powder melting process technique
(PMP) [19]. In the PMP method, the starting materials of Gd2 BaCuO5 (Gd211), BaCuO2 and CuO powders
were mixed in the molar proportion of Gd:Ba:Cu=1:2:3.
The mixture was pressed into pellet with the dimension
of φ 20×18 mm. A melt textured NdBa2 Cu3 O7−δ superconductor was laid at the top of the pellet as a seed
which has good aspect. The pellet was pre-calcined at
720 ◦ C for 12 h, and then was melted at 1065 ◦ C. The
melting pellet was followed by cooling from the peritectic reaction temperature to room temperature at the
rate of 0.5 ◦ C/h. The whole melting preparation was
processed in air. Finally the obtained sample was annealed at 300 ◦ C in flowing O2 gas for 100 h.
The tested sample was cut from the bulk and
shaped into a thin sheet with the dimensions of
a×b×c=1.18 mm×1.18 mm× 0.36 mm. Such a thinsheet sample was irradiated at room temperature by
thermal neutrons (E≤0.1 MeV) with a flux density of
1011 n/cm2 s on a Miniature Neutron Source Reactor,
with the neutron incident orientation being perpendicular to its surface, i.e. along the crystallographic c axis
of the sample. The irradiation time was 17 minutes
and the total fluence amounted to 1015 n/cm2 . The
as-irradiated sample was then annealed at 300 ◦ C for
100 h in flowing oxygen atmosphere to obtain optimal
oxygen. The magnetic properties were recorded with
magnetic fields parallel to the crystallographic c axis of
the sample using a superconducting quantum interference device (SQUID) magnetometer. The values of Jc
were calculated from magnetization hysteresis loops using the extended Bean model [22]. The high-resolution
DOI:10.1088/1674-0068/20/03/324-328
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transmission electron microscopy (HRTEM) analyses
were performed using a JEOL-2010. X-ray diffraction
(XRD) measurements were made on the MXP18AHF
diffractometer (MAC Science Co. Ltd, Japan) using
Cu Kα radiation (λ=1.54056 Å).

III. RESULTS AND DISCUSSION

The XRD pattern of GdBa2 Cu3 O7−δ bulk is shown
in Fig.1(a), in which only (00l) peaks are visible, indicating the single domain characteristic of the sample. The c-axis lattice parameter, calculated from (00l)
diffraction peaks, is 11.75 Å. In order to observe the
effects of neutron irradiation on the phases in the nominal GdBa2 Cu3 O7−δ single-domain bulk sample, XRD
measurements of the powders for the nonirradiated and
as-irradiated samples by grinding single domain bulks
were also performed, as shown in Fig.1(b). The results demonstrate that both the samples consist of the
Gd123 phase as well as a small amount of the Gd211.
The existence of Gd211 is due to the inadequacy of the
peritectic reaction considering the form Gd211+L(BaCu-O)→Gd123 [23-25]. Because the crystal structure of
Gd1+y Ba2−y Cu3 O7−δ is similar to that of Gd123, the
XRD pattern cannot distinguish the diffraction peak of
Gd1+y Ba2−y Cu3 O7−δ from that of Gd123, so it should
be noted that the Gd123 phase addressed here contains

FIG. 1 (a) XRD patterns of the single domain
GdBa2 Cu3 O7−δ bulk. The only (00l) peaks can be visible, indicating the single domain characteristic of the sample. (b) XRD patterns of powders for nonirradiated and
as-irradiated samples by grinding single domain bulks. The
circles and triangles indicate the diffraction peaks of Gd123
and Gd211, respectively.
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Gd1+y Ba2−y Cu3 O7−δ phase. The actual weight ratio
of Gd211 to Gd123, ra , in a single domain sample was
estimated using the internal standard method, which is
expressed as [26,27]
ra =

Iα 1
Iβ Kβα

(1)

where Iα and Iβ are the XRD intensities of the Gd211
(131) and the Gd123 (103) peaks, respectively, and
Kβα is a system dependent constant. In order to determine the constant Kβα for these samples, the pure
Gd211 and Gd123 powders with the same mass were
mixed and XRD measurement was performed. For
ra =1, Kβα =0.856 is only related to the intensities of the
Gd211 (131) and the Gd123 (103) peaks. Then the ra
can be obtained by Eq.(1). Both the ra for the nonirradiated and as-irradiated GdBa2 Cu3 O7−δ samples are
equal to 7%, which reveals that the neutron irradiation
has no effect on the phase transition in the nominal
GdBa2 Cu3 O7−δ sample.
In order to reveal the microstructure of the nominal Gd123 samples, Figure 2 shows the HRTEM images of the nonirradiated, as-irradiated, and annealed
irradiated samples observed from a direction along the
c-axis. For the nonirradiated Gd123 sample, as shown
in Fig.2(a), regular arrays of the 123 structure with aaxis lattice parameter close to 3.8 Å can be observed,
indicating that a clean 123 structure was formed. However, in the HRTEM image of the as-irradiated Gd123
sample it is found that several spherical cascade de-

(a)

(c)

(b)

(d)

FIG. 2 HRTEM images of the (a) nonirradiated, (b) and (c)
as-irradiated, and (d) annealed irradiated GdBa2 Cu3 O7−δ
samples. The images were observed from a direction along
the c-axis of the Gd123 crystal. The arrows in (b) indicate
the cascade defects inside the as-irradiated sample.
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fects with white mottled contrast were displayed by the
arrows, see Fig.2(b). To obtain the detailed microstructure information for this kind of irradiation-induced defect morphology, Figure 2(c) shows the HRTEM image
of a spherical cascade defect, and one can see highly distorted and twisted lattice fringes in the cascade structure. Therefore, the spherical cascade defects must be
from the local melting of the crystal due to neutron irradiation. The sizes of the cascades shown in Fig.2(b)
are about 4-7 nm in diameter, which is comparable to
the coherence lengths of HTS. In Fig.2(c), the outside
of the cascades shows that some lattice fringes are discontinuous, but most regions are dominated by lattice
stacking sequences similar to a perfect crystal, which
reflects small disorders embedded in the crystal. As
recounted in the introduction above, neutron irradiation introduces spherical cascade and point defects [59]. These small lattice disorders with such high density
should be the point-like Frenkel pair defects produced
by those lower energy (< 1 keV) incident neutrons [11].
Figure 2(d) shows the HRTEM image of the annealed
irradiated sample. It can be seen that the spherical cascade defects still exist stably, whereas the outside of the
cascades are nearly perfect and the small lattice disorder decreases significantly, which reflects the fact that
most point defects have been almost removed through
the thermal annealing.
Figure 3 shows the temperature dependencies of
normalized magnetization for the nonirradiated, asirradiated, and annealed irradiated samples. It is found
that the nonirradiated sample exhibits a sharp superconducting transition with the onset transition temperature Tc of 92 K, while for the as-irradiated sample
the superconducting transition width broadens considerably and even a second transition occurs at about
78 K, showing that such a neutron irradiation leads to
an obvious degradation of superconductivity. Upon a

FIG. 3 Temperature dependence of normalized magnetization for the nonirradiated, as-irradiated, and annealed irradiated samples under H= 1 mT. The arrow indicates the second superconducting transition at 78 K for the as-irradiated
sample.
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subsequent annealing in the flowing oxygen atmosphere
at 300 ◦ C for the as-irradiated Gd123, the sample’s superconducting transition width narrows and the second
transition vanishes. However, Tc and superconducting transition width do not return to the nonirradiated
state, indicating a partial recovery of superconductivity
by the thermal annealing. As shown in HRTEM images
(see Fig.2(b) and (c)), the spherical cascade and point
defects induced by the neutron irradiation, which are
due to the oxygen and gadolinium atomic displacements
and disruption of the local superconductor crystal lattice [8-10,20], can be considered to lead to the degradation of superconductivity. Since the point defects are
removed while the cascade defects still exist stably in
the subsequent thermal annealing (Fig.2(d)), the superconductivity in the as-irradiated sample is partially
recovered as a result of the thermal treatment.
Figure 4 shows the magnetization (M ) vs. magnetic
induction (B) curves of the nonirradiated, as-irradiated,
and annealed irradiated samples at 60 K. The magnetic fields were parallel to the c axis of the crystal.
The Jc can be calculated from the M -B loops according to the extended Bean model [22] with the equation
Jc =20∆M/[a(1 − a/3b)], where ∆M is the difference of
the magnetizations between increasing and decreasing
magnetic fields and a and b (a≤b) are the edge lengths
of thin sheet in the plane.

FIG. 4 Magnetic induction (B) dependence of magnetization (M ) at 60 K for the magnetic fields parallel to the c
axis of the crystal.

Figure 5 shows the magnetic induction B dependence
of Jc at 60 K. For the nonirradiated Gd123, Jc is about
9×104 A/cm2 in a low magnetic field (<0.1 T) and a
remarkable fishtail can be observed in the Jc -B curve
with increasing magnetic field, where the Gd-Ba solid
solution has been considered to be the effective pinning
centers for flux lines [19]. After irradiation, Jc decreases
significantly and the fishtail almost disappears. However, after annealing the as-irradiated sample at 300 ◦ C
in the flowing oxygen atmosphere, one can find that
Jc is greatly enhanced to values even larger than those
of the nonirradiated sample and the fishtail shifts toDOI:10.1088/1674-0068/20/03/324-328
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wards higher magnetic fields. This result indicates that
a higher Jc can be achieved in Gd123 by the introduction of new flux pinning centers.

FIG. 5 Magnetic induction (B) dependence of the critical
current density (Jc ) at 60 K for the magnetic fields parallel
to the c axis of the crystal.

Under the neutron irradiation, the existence of plenty
of defects reduces the high temperature superconducting volume fraction and seriously degrades the superconductivity of the sample, and consequently the pinning strength for the flux lines is weakened. As a result,
the Jc decreases and the fishtail almost vanishes in the
as-irradiated samples. However, the point defects are
eliminated through the subsequent thermal annealing
and only the cascade defects are left. The remaining
cascade defects can be viewed as the effective pinning
centers in high magnetic fields because the size of the
cascades is comparable to the coherence length of HTS
[8,9]. Therefore, the Jc is greatly enhanced and the fishtail shifts towards high fields, and is even more prominent than those of the nonirradiated sample as shown
in Fig.5.

IV. CONCLUSION

From this investigation of neutron irradiation
effect on the superconducting properties of the
GdBa2 Cu3 O7−δ single domain bulk, one can see that
for the as-irradiated sample, the superconducting transition width broadens with an appearance of a second
transition. Meanwhile, its Jc decreases and the fishtail
nearly vanishes. However, with the subsequent annealing, the superconducting transition width narrows, the
second transition disappears and Jc is enhanced with
the fishtail shifting towards higher magnetic fields than
that of the nonirradiated sample, suggesting that Jc can
be enhanced in Gd123 by the introduction of new flux
pinning centers from the cascade defects.
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