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Abstract
The superconducting properties of Y1 Ba2 (Cu1−x Alx )3 O7 /Y2 BaCuO5 bulk superconductors
with different Al contents were studied (x = 0.0025–0.05). A peak effect was observed at
intermediate magnetic fields over a wide temperature range below Tc . The influence of standard
oxygenation (SO) at 400 ◦ C and high pressure oxygenation (HPO) at 750 ◦ C on the critical
current density Jc was investigated. We show that the critical current density is higher by a
factor of 3 in samples oxygenated at high pressure. The magnetization relaxation rates were
investigated for an undoped HPO sample as well as for the lowest Al concentration for HPO
and SO in the temperature range from 15 to 77 K and at magnetic fields of 0.5 and 1 T. The
normalized relaxation rates, S , and the pinning potentials, U0 , have been calculated from the
time-dependent magnetization curves.
(Some figures in this article are in colour only in the electronic version)

pinning in YBCO at intermediate magnetic fields and high
temperatures. However, it is important to find an optimum
concentration of these impurities in order to improve pinning
without decreasing the critical temperature, Tc .
Early studies showed that Al doping was possible in Y123
and that the Al substitutes Cu in the CuO chains [11–13]. This
substitution was more effective for the improvement of the
pinning force density, Fp , and the critical current density, Jc ,
of YBCO at 77 K than the substitution of Cu in the CuO2
planes [8]. Recently, successful Al doping in YBCO bulk
superconductors was reported [14]. It was also shown [15]
that the method of oxygenation played a very important role
in increasing the critical current density, Jc .
We report here on J (B) curves of melt-processed YBCO
doped with different amounts of Al for two different methods
of oxygenation. The evolution of the peak effect (PE)
is analysed at different temperatures. Magnetic relaxation
measurements were made for the lowest concentration of Al,
x = 0.0025, for both oxygenation methods and also for
the undoped HPO sample. Transition temperatures, Tc , and
transition widths, Tc , were obtained for both methods of
oxygenation and all Al concentrations.

1. Introduction
Since the discovery of high-Tc superconductors (HTSC) [1, 2]
the search for possibilities of enhancing their flux pinning
properties has played a central role. Numerous methods for
improving pinning by introducing different pinning centres,
which strongly interact with the flux line lattice at high
temperatures, especially at the temperature of liquid nitrogen
77 K and at high magnetic fields, were studied. The main
interest was focused on the introduction of nanosized pinning
centres in the form of ex situ [3] or in situ [4] created
nanoparticles. In the case of YBCO bulk superconductors
(Y1 Ba2 Cu3 O7 /Y2 BaCuO5 composites) fabricated by the topseeded melt-growth (TSMG) process [5], the most difficult
issue is pushing particles below some critical size (about
500 nm for Y2 BaCuO5 (Y211) particles [6]) during crystal
growth. Nanosized non-superconducting regions can be
introduced into YBCO bulk superconductors by neutron
irradiation [7] or by chemical substitution of atoms in the
Y1 Ba2 Cu3 O7 (Y123) lattice (mainly the Cu atoms in the CuO
chains [8] or the CuO2 planes [9, 10]). These artificially
created pinning centres can be effective for enhanced flux
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Figure 1. Dependence of critical current densities, Jc , on magnetic field, B , for YBa2 (Cu1−x Alx )3 O7 after standard oxygenation (SO) (a) and
after high pressure oxygenation (HPO) (b).

fields up to 5 T at a constant sweep rate of 0.25 T min−1 . During the magnetization measurements the applied magnetic field
was always parallel to the c-axis of the crystal. The critical current density, Jc , was calculated from magnetization hysteresis
loops (MHL) using the extended Bean model [20] for rectangular samples, Jc (B) = {m(B)/V }{2/[b(1 − b/3a)]}, where
m is the difference of the magnetic moments between the increasing and decreasing field branches of the MHL and V is the
sample volume a × b × c. The magnetization measurements
were done in the temperature range 0.55  T /Tc  0.88.
The transition temperatures, Tc , were determined from the
magnetic transition curves taken after zero-field cooling as
the mid-point of these curves with an applied external magnetic field of 2 mT. The transition widths were defined as
Tc = Tc0.9 − Tc0.1 , where Tc0.1 and Tc0.9 were determined
as 10% and 90% heights of the transition curve, respectively.
Magnetization relaxation rates were investigated in the
temperature range from 15 to 77 K. After zero-field cooling
from above Tc , to a certain temperature, hysteresis cycles with
a sweep rate of 0.25 T min−1 were recorded. At 0.5 and 1 T
the field sweep was interrupted and the decay of the magnetic
moment monitored for 1 h.

2. Experimental details
Al doped single-grain YBCO bulk superconductors were
fabricated by a top-seeded melt-growth process (TSMG) in a
chamber furnace using SmBa2 Cu3 O7 (Sm123) seeds. Oxide
powders YBa2 Cu3 O7 , Y2 O3 , Al2 O3 , CeO2 (0.5 wt%) [16] for
processing reactions were milled for 20 min in a friction mill
and pressed into cylindrical pellets of 20 mm in diameter with a
thickness of 12 mm. Al2 O3 was added in amounts to have the
chosen Al concentration in YBa2 (Cu1−x Alx )3 O7 phases after
reaction:
4YBa2 Cu3 O7 + Y2 O3

=

10
YBa2 Cu3 O7
3

+ 43 Y2 BaCuO5 + 23 CuO.

Al concentrations x were: 0.0025, 0.005, 0.01, 0.02 and 0.05.
Undoped YBCO was made as a reference for comparison with
the Al doped samples.
Small samples for oxygenation and magnetization
measurements were cut from the a -growth sector of the
bulks [17] at a distance of 1 mm from the seed (top surface
of the pellets). The samples had the shape of a slab with
dimensions 2 × 2 × 0.5 mm3 , the smallest dimension was
parallel to the c-axis of the crystal.
The small samples were oxygenated by two methods. The
first was standard oxygenation (SO), where the samples were
slowly heated in a tubular furnace to 800 ◦ C in a flowing O2
atmosphere, kept there for 2 h, then slowly cooled to 400 ◦ C
and annealed there for 240 h. After annealing they were
furnace cooled to room temperature. The second method of
oxygenation was high pressure oxygenation (HPO), where the
samples were oxygenated in a special high pressure vessel
under an oxygen pressure of 16 MPa at 750 ◦ C for 24 h
with progressively increasing oxygen pressure [18], in order
to avoid intensive cracking during oxygenation (for more
information see [15]).
After oxygenation all samples were checked for homogeneity by trapped field scanning [19]. The magnetic field dependence of the magnetic moment was obtained using a commercial vibrating-sample magnetometer (VSM) with magnetic

3. Results and discussion
3.1. Critical current densities and evolution of the peak effect
The critical current densities, Jc , for Al doped and undoped
YBCO superconductors at 77 K are shown in figures 1(a)
and (b) for SO and HPO, respectively. The corresponding
critical temperatures, Tc , and transition widths, Tc , are
presented in figures 2(a) and (b), respectively. Results on Jc
for the highest concentration of Al x = 0.05 are not shown,
because Jc is negligibly small at 77 K for both SO and HPO.
Samples oxygenated by SO show the clearest peak effect at
77 K at the lowest concentration of Al, but with decreasing
temperature the PE appears at all concentrations.
The critical current density at the lowest Al concentration
x = 0.0025 for SO (figure 1(a)) is higher from 0.5 to 2 T
2
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Figure 2. Critical temperatures (a) and transition widths (b) as a function of Al content for YBa2 (Cu1−x Alx )3 O7 samples.

Therefore, the appearance of the PE in HPO samples could be
caused by a combination of Al doping and oxygen vacancies.
In order to compare the critical current density after SO and
HPO, we take the Jc peak value for the lowest Al concentration
(x = 0.0025) in the temperature range 0.55  T /Tc  0.88
(figure 3(a)). The Jc peak is higher and increases more rapidly
for HPO in this temperature range. For example at 77 K, the
Jc peak for HPO is equal to 5.3 × 104 A cm−2 , in contrast to
1.81 × 104 A cm−2 in case of SO, i.e. by a factor of about 3.
Also, the peak field, Bp , where the secondary peak appears,
is shifted to higher fields (figure 3(b)), from 0.89 T for SO to
1.34 T for HPO at 77 K. In figures 3(a) and (b) a temperature
of 77 K corresponds to T /Tc = 0.853 for SO and 0.846 for
HPO.
For a clearer observation of the evolution of the PE, the
critical current densities are plotted at 70 K in figures 4(a)
and (b) for SO and HPO, respectively. We observe that
both the peak field, Bp , and the field B0 , at which Jc
starts to rise with field, shift to lower values with increasing
Al concentration. These data are in good agreement with
theoretical predictions [25] and indicate, that the defects
created by Al doping can be considered as point-like and the
defect density increases with concentration, x .
For both SO and HPO, the PE and the irreversibility field,
Birr , shift to lower fields with concentration down to x = 0.01,
where the position of Bp and Birr is more or less the same as
at x = 0.02. The PE begins at these concentrations at low
magnetic fields (for SO) or immediately (for HPO), in contrast
to x = 0.0025 and 0.005 (figures 4(a) and (b)). The same
evolution of Bp and Birr was found [23, 26] in YBa2 Cu3 O7−δ
single crystals with different contents of small clusters of
oxygen vacancies, δ .
The peak field (and Birr ) at the lowest Al concentration
x = 0.0025 is generally lower for the SO sample in
comparison to the HPO sample (figure 3(b)). This behaviour
also indicates better homogeneity of the Al distribution and
accordingly stronger flux pinning in HPO samples, as it was
mentioned above for Tc and Tc . This distribution plays an
important role besides that of point defect concentration.

in comparison to the undoped reference sample. Thus, the
critical current density improves by Al doping. However, in
figure 1(b) is clearly seen that Jc at the lowest Al concentration
x = 0.0025 is more substantially improved by Al doping and
HPO than in case of SO. With increasing Al concentration Jc
and Tc decrease, this confirms that the Cu atoms in the Y123
lattice are partially substituted. The lowest Al concentration
does not essentially affect Tc . It remains above 90 K for both
methods of oxygenation (figure 2(a)) and is even higher for
the doped HPO samples. The transition width (figure 2(b)) is
higher with increasing Al content for SO compared to HPO.
Increasing the transition width for Al doped samples has been
ascribed to the microscopic inhomogeneity of Al distribution
dissolved in the Y123 phase [21]. It seems that at HPO this
inhomogeneity could be lowered by Al diffusion, because the
samples were kept at 750 ◦ C for 24 h.
In order to successfully improve Jc by chemical doping
without substantially decreasing Tc , the mean distance between
randomly distributed dopant atoms in the CuO chains was
predicted to be approximately two coherence lengths or
above, i.e. about 6 nm at 77 K [22], which correspond to
x  0.0013 in Y1 Ba2 (Cu1−x Alx )3 O7 . When the impurity
concentration increases, the mean distance between the dopant
atoms becomes shorter than 2ξ and the locally disordered
regions overlap, which should lead to a decrease in the critical
current density [22]. From this point of view, it is clear
that the lowest Al concentration should be optimal for Jc
improvements. Note that the ‘real’ Al concentration in Y123
could be lower than the nominal concentration due to possible
Al uptake by the Y211 phase. X-ray measurements display a
0.2% increase of the unit-cell volume of the Y211 phase in the
sample with the highest Al concentration x = 0.05 compared
to the undoped sample (will be published). As was reported in
our previous paper [14], the Al does not form any secondary
phase with Y, Ba, Cu or Ce in the studied system.
According to figure 1(b), the PE in HPO samples is
observed at all Al concentrations at 77 K, but also in the
undoped sample. This could be ascribed to oxygen vacancies
acting as pinning centres in the sample after HPO [23, 24].
3
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Figure 3. Comparison of the temperature dependence of Jc peak (a) and peak fields, Bp , (b) for YBa2 (Cu1−x Alx )3 O7 at the lowest
concentration of Al x = 0.0025 between SO and HPO.

Figure 4. Evolution of the PE with increasing concentration of Al from x = 0.0025 to 0.02 for SO (a) and all Al concentrations for HPO at a
constant temperature of 70 K (b).

With increasing temperature, T , at constant x = 0.0025
(figures 5(a) and (b)) the peak field, Bp , and B0 approach each
other for both SO and HPO and clearly the peak vanishes.
Besides oxygen vacancies, point defects created by Al doping
are not mobile at room temperature, i.e they do not agglomerate
to small clusters. Clusters of Al atoms can be formed by an
additional heat treatment at 800 ◦ C in flowing argon before
oxygenation at 400 ◦ C in flowing oxygen [14].

Detailed microstructural examinations of the samples by
optical microscope show the same result as in [15]. a /coxygenation macrocracks are observed (figures 6(a)) after SO,
but not after HPO (figure 6(b)). Due to the higher effective
cross section, the overall or effective Jc is significantly
increased [28]. However, these cracks do not influence the
intrinsic Jc , which is influenced by artificial pinning centres or
oxygen vacancies. As can be seen in figures 6(a) and (b), a /b microcracks are present in the samples after both oxygenation
methods. They are formed under tensile stress induced by each
Y211 particle and their length is not longer than a few Y211
interparticle distances. The Y211 particles are rather large,
their mean size is about 2 μm, which is reflected by the quite
low Jc at low fields [5, 29].

3.2. Microstructure
The increase of Jc by HPO (see figure 3(a)) was recently
explained [15] by the elimination of the formation of a /coxygenation macrocracks during the oxygenation process. The
a /c-oxygenation macrocracks are formed during oxygenation
by the tensile stresses in the oxygenated layer [27] and are
perpendicular to the direction of the current flow. They
directly reduce the effective cross section and consequently the
measured critical current density [28].

3.3. Flux creep
The thermally activated motion of flux lines (flux creep) was
estimated in terms of the normalized relaxation rates, S , and
4

Supercond. Sci. Technol. 22 (2009) 105001

V Antal et al

Figure 5. Evolution of the PE with increasing temperature from 60 to 79 K at a constant x of 0.0025 for SO (a) and HPO (b).

Figure 6. Image with visible a /c-oxygenation macrocracks (c-MAC) and a /b-oxygenation macrocracks (a /b-MAC) formed during standard
oxygenation at 400 ◦ C (a). Following oxygenation under high pressure (oxygen pressure of 160 bars at 750 ◦ C) only a /b-oxygenation
microcracks (a /b-MIC) are present (b). Y211 precipitates are present in both micrographs.

the apparent pinning energies, U0 , for YBa2 (Cu1−x Alx )3 O7
with x = 0.0025 for SO and HPO, as shown in figures 7(a)
and (b). Also, the same values were found for the undoped
HPO sample. The comparisons of undoped and Al doped
sample with the lowest concentration of Al x = 0.0025 are
shown in figures 8(a) and (b), both oxygenated by HPO. The
values of S were extracted from the relaxation curves, when
the sample was in the fully penetrated state [20, 30].
The normalized relaxation rates were calculated from [31]:

S=

1 d Mirr
,
Mirr d ln t

according to [31]:

kB T
,
(2)
S
where kB is Boltzmann’s constant and T is the temperature.
Both S and U0 show a strong temperature dependence. Their
behaviour is almost the same at 0.5 T (figure 7(a)) and only
small differences occur, above 55 K at 1 T (figure 7(b)).
It was reported [32] that flux creep in (RE)BCO (RE =
rare earth element) superconductors increases with increasing
oxygen-annealing temperature under SO. However, in our case
flux creep is smaller at higher temperatures in the sample
oxygenated by HPO at 750 ◦ C, than for SO. Therefore, the
relaxation is slightly reduced by HPO. The lower U0 and
accordingly the higher S above 55 K in a magnetic field of
1 T for samples oxygenated by SO (figure 7(b)) can be caused
by approaching the irreversibility field, Birr , due to the poorer
homogeneity of the Al in comparison with HPO. It is shown
in figure 8(b) that the relaxation is also slightly reduced by
Al doping in a applied magnetic field of 1 T compared to
U0 =

(1)

where Mirr is the irreversible part of the magnetization,
obtained from Mirr = M − Mrev with Mrev = (M↑ − M↓)/2.
Where M↑ and M↓ are the magnetic moment branches
for increasing and decreasing applied magnetic fields of the
magnetic hysteresis loop, respectively. From the relaxation
rates, the apparent pinning energies, U0 , were evaluated
5
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Figure 7. Temperature dependence of the normalized relaxation rates (full symbols), S , and the apparent pinning energy (open symbols), U0 ,
for YBa2 (Cu1−x Alx )3 O7 with x = 0.0025 for SO and HPO in applied magnetic fields parallel to the c-axis at 0.5 T (a) and 1 T (b).

Figure 8. Comparison of temperature dependence of the normalized relaxation rates (full symbols), S , and the apparent pinning
energies (open symbols), U0 , between YBa2 (Cu1−x Alx )3 O7 with x = 0.0025 and undoped YBa2 Cu3 O7 for HPO in applied magnetic fields
parallel to the c-axis at 0.5 T (a) and 1 T (b).

the undoped sample. Whereas, in a applied magnetic field
of 0.5 T (figure 8(a)) the results are more or less the same.
Similar values of S(T ) and U0 (T ) were estimated for other
HTSC [32–35].

The analysis of the evolution of the PE is consistent with
flux pinning by point defects, thus confirming that Cu atoms
were substituted by Al atoms.
The normalized relaxation rates, S , and the apparent
pinning energies, U0 , were obtained from the time dependence
of the magnetization curves. A decrease of S and accordingly
an increase of U0 were found in the whole temperature range
at 0.5 T, and the same behaviour up to 69 K at 1 T, for SO and
HPO Al doped samples with the lowest concentration of Al
x = 0.0025. A slight reduction of the magnetic relaxation by
Al doping was obtained in comparison with an undoped sample
in the case of HPO.

4. Conclusions
Al substitution of the Cu atoms in the CuO chains of TSMG
YBCO bulk superconductors was investigated for two different
methods of oxygenation. A peak effect is induced by the
substitution and Jc is found to be higher for the lowest Al
concentration (x = 0.0025) at 77 K compared with an undoped
sample, both prepared under standard oxygenation conditions.
High pressure oxygenation preserves the PE caused by the Al
atoms and enhances Jc by a factor of about 3 at intermediate
magnetic fields, because of the reduced crack density [15].
Another advantage of HPO seems to be better homogeneity
of the Al distribution on the microscopic scale, which could
lead to higher positions of Bp and Birr , as well as higher Tc and
lower Tc , for HPO samples.

Acknowledgments
This work has been supported by the VEGA project
No. 2/7052/27, the APVV projects Nos 51-061505 and LPP0334-06, the EU network NESPA, and by the Centre of Excellence of the Slovak Academy of Sciences NANOSMART.
6

Supercond. Sci. Technol. 22 (2009) 105001

V Antal et al

References

[17] Diko P 2000 Supercond. Sci. Technol. 13 1202
[18] Chaud X, Savchuk Y, Sergienko N, Prikhna T and Diko P 2008
J. Phys.: Conf. Ser. 97 012043
[19] Eisterer M, Haindl S, Wojcik T and Weber H W 2003
Supercond. Sci. Technol. 16 1282
[20] Bean C P 1962 Phys. Rev. Lett. 8 250
[21] Siegrist T, Schneemayer L F, Waszczak J V, Singh N P,
Opila R L, Batlogg B, Rupp L W and Murphy D W 1987
Phys. Rev. B 36 8365
[22] Ishii Y, Yamazaki Y, Nakashima T, Ogino H, Shimoyama J,
Horii S and Kishio K 2008 Mater. Sci. Eng. B 151 69
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Schwab P, Bäuerle D and Gründorfer S 1994 Phys. Rev. B
49 3511
[35] Pradhan A K, Kuroda K, Nakao K and Koshizuka N 1996
Physica C 272 161

[1] Bednorz J G and Müller K A 1986 Z. Phys. B 64 189
[2] Wu M K, Ashburn J R, Torng C J, Hor P H, Meng R L, Gao L,
Huang Z J, Wang Y Q and Chu C W 1987 Phys. Rev. Lett.
58 908
[3] Hari Babu N, Kambara M, Shi Y, Cardwell D A, Tarrant C D
and Schneider K R 2003 Physica C 392 110
[4] Puig T, Gutiérrez J, Pomar A, Llordés A, Gázquez J, Ricart S,
Sandiumenge F and Obradors X 2008 Supercond. Sci.
Technol. 21 034008
[5] Murakami M 1992 Supercond. Sci. Technol. 5 185
[6] Endo A, Chauhan H S, Egi T and Shiohara Y 1996 J. Mater.
Res. 11 795
[7] Gonzalez-Arrabal R, Eisterer M, Weber H W, Fuchs G,
Verges P and Krabbes G 2002 Appl. Phys. Lett. 81 868
[8] Ishii Y, Shimoyama J, Tazaki Y, Nakashima T, Horii S and
Kishio K 2006 Appl. Phys. Lett. 89 202514
[9] Krabbes G, Fuchs G, Schätzle P, Gruß S, Park J W,
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