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Abstract We report on magnetic behavior of Y1−xLuxBa2

Ca3O7−δ (x = 0, 0.5) samples synthesized by a modified
melt powder melt growth (MPMG) method at three differ-
ent sintering temperatures (920, 930, 940 ◦C). Isothermal
magnetization measurements were done as a function of
magnetic field at 20 and 77 K upon zero-field cooling
(ZFC) process. The critical current densities as a function
of magnetic field have been estimated from M–H hystere-
sis loop. Partial Lu substitution for Y on YBCO super-
conductors improved significantly the bulk critical current
density, which is confirmed by field-cooled magnetization
and AC susceptibility measurements. Magnetic relaxation
measurement has been carried out in remanent magneti-
zation regime. AC susceptibility measurements have been
performed as a function of temperature to determine the
transition temperature.

Keywords Magnetization · Magnetic relaxation ·
Lu doping · Critical current density · YBCO
superconductor · Critical state model · AC susceptibility

1 Introduction

Since the discovery of Y–Ba–Cu–O compound system, it
has been widely studied for improving the superconducting
properties by many researchers. A great number of papers
have been published on adding elements in Y123 system for
increasing the critical temperature (Tc) and critical current
density (Jc) values of YBCO samples. It was found that
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Y can be replaced with various rare earth elements (Re)
[1–16], including Lu [1–4, 16–18] without any significant
change in Tc for Re–Ba–Cu–O (123) system (Re = La, Nd,
Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb and Lu, from the largest
to the smallest radius). Re elements substitute for both Y
and Ba sites in Y123 compounds. In the case of trivalent Re
ions substitution for Y3+ and Ba2+, there is a strong corre-
lation between the solution energies and the size of dopant,
the solution energy increases with increasing ionic radius.
The Re ions towards the Lu end of the lanthanide series are
comparable in size to Y3+, and a degree of mixing among
the yttrium and barium sites might be expected to occur
[17]. Moreover, Lu cannot wholly substitute for Y [2, 3],
probably its small radius, but it can be incorporated along
with co-substitution of a small amount of Sr for Ba [18].
Raychaudhuri et al. [4] reported that partial Lu-substituted
YBCO (Y0.75Lu0.25Ba2Cu3O7) sample shows much more
Meissner effect than pure YBCO measured by DC mag-
netic susceptibility data at 20 K. It was also reported that
after the further annealing treatment, the sample doped with
0.5 wt.% Lu oxide, prepared by top-seeding melt texture
growth process, exhibits better critical current density than
the undoped Y123 sample [16]. Ozturk et al. [19] reported
the effect of Lu doping on the superconducting parameters
such as lattice constants, transition temperature, and criti-
cal current density in Y1−xLuxBa2Cu3Oy superconductors
prepared by the conventional solid-state reaction method.
In their work, the highest critical current density measured
at 20 K was observed in the sample where x = 0.5
among the other dopant amount. Although cationic substi-
tutions have been studied quite a lot lately, Lu is not the
most usual dopant, and it is of interest to investigate fur-
ther the effect of Lu in YBCO ceramic superconductors on
various physical parameters.In this work, we investigated
the effect of Lu doping (x = 0.5) in Y1−xLuxBa2Cu3Oy
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ceramic superconductors prepared by modified melt powder
melt growth (MPMG) method on the transition tempera-
ture and critical current density. In our exploration, we have
selected three different sintering temperatures in the heat
treatment while keeping Lu amount fixed as x = 0.5 in
Y1−xLuxBa2Ca3O7−δ since it was the best dopant amount
in our previous work [19].

2 Experimental Procedure

The superconducting samples studied in this paper were pre-
pared by the MPMG method described in ref. [20] changing
the final temperature in the quenching process from room
temperature to liquid N2 temperature (77 K); hence, we
call it modified MPMG method. Powders of Y2O3, BaCO3,
CuO, and Lu2O3 in the stoichiometric ratios of 1:2:3 com-
positions were thoroughly mixed in the appropriate amounts
to prepare precursor YBCO bulk materials. After the mixed
powders had been well-reground using a planar ball mill
machine model of Retsch PM100, they were put into alu-
mina crucible and calcined at 900 ◦ C for 24 h in air in
an 818 Eurotherm Controller/Programmer Muffle furnace.
After regrinding the powders, the calcination procedure was
repeated at 910 ◦ C for 12 h. Then, the material in platinum
crucible was dwelled at 1, 460 ◦ C for 5 min and then it
was rapidly put into a liquid nitrogen Dewar (− 196 ◦ C)
[21–22]. We note that temperature change in the quench-
ing process is increased by 200 K compared with the same
quantity in ref [20]. The molten material was reground well
and then it was compressed into pellet form using a pres-
sure of 300 MPa on a 13-mm diameter. This material was
sintered in a tube furnace in air at temperatures of 920, 930,
and 940 ◦ C. We have investigated the effects of the sin-
tering temperature and Lu doping on the magnetic behavior
of MPMG Y1−xLuxBa2Ca3O7−δ samples. Labeling of the
samples is listed in Table 1.

Magnetization measurements were done using VSM
option of a Quantum Design Physical Property Measure-
ment System (PPMS) by the sweep rate of 50 Oe/s, upon
zero-field cooling (ZFC) process. The magnetic relaxation

rate was obtained by measuring the time decay of the mag-
netic moment for about 180 s as described by van Dalen
et al. [23]. The first data point was taken after 33 s to
avoid deviation from a pure logarithmic decay. Supercon-
ducting transition temperatures were obtained by means of
the AC Measurement System (ACMS) option of the Quan-
tum Design PPMS. The signals due to the in-phase and
out-of-phase magnetization were taken simultaneously. The
transition temperatures and the dimensions of the samples
are listed in Table 1.

3 Results and Discussions

In Fig. 1, we display the isothermal magnetization curves at
20 K (a) for sample A1 and sample A2, (b) for sample B1
and sample B2, and (c) for sample C1 and sample C2, with
the applied field Ha, increasing from zero to a maximum
value of 30 kOe, then decreasing to zero, reversing in sign
to a maximum negative value of 30 kOe, and finally increas-
ing again to 30 kOe. Each curve is called the envelope of the
major hysteresis loop. It is well-established that the width
and behavior of this hysteresis loop is the manifestation of
the bulk critical current density in type II superconductors
and its dependence on the magnetic flux density. The wider
the hysteresis loop, the higher the bulk critical current den-
sity will be. Hence, it can readily be seen from Fig. 1 that
Lu doping increased the bulk critical current density at 20 K
for three different sintering temperatures. We note that the
first penetration field H∗ is defined as the field at which
the virgin curve merges the major hysteresis envelope. H∗
is proportional to the critical current density and the dimen-
sion of the sample perpendicular to the applied field. The
penetration field for Lu-doped YBCO samples (A2, B2, and
C2) is larger than for the corresponding undoped YBCO
samples (A1, B1, and C1). Therefore, we can extract the
same conclusion that Lu doping in YBCO increased the bulk
critical current density at 20 K for three different sintering
temperatures.

Figure 2 shows the isothermal magnetization curves at
77 K, (a) for sample A1 and sample A2, (b) for sample B1

Table 1 Labeling and
dimensions of the
superconducting
Y1−xLuxBa2Ca3O7−δ samples

Sample Sintering Doping Dimensions (cm3) Tc (K) Jc(20 K, 0 Oe) A/cm2

temperature (◦C) amount,x

A1 920 0 0.24 ×0.24 ×0.20 90 6,005

B1 930 0 0.22 ×0.25 ×0.26 90 9,083

C1 940 0 0.24 ×0.25 ×0.34 90 6,897

A2 920 0.5 0.23 ×0.23 ×0.24 88 8,551

B2 930 0.5 0.22 ×0.24 ×0.25 89 13,942

C2 940 0.5 0.24 ×0.30 ×0.21 89.5 43,514
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and sample B2, and (c) for sample C1 and sample C2, with
the applied field Ha, increasing from zero to a maximum
value of 20 kOe, then decreasing to zero, reversing in sign
to a maximum negative value of 20 kOe, and finally increas-
ing again to 20 kOe. It is also well-known that in some
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Fig. 1 The isothermal magnetization curves as a function of applied
field Ha (M–H loop) measured at 20 K for a samples A1 and A2, b
samples B1 and B2, and c samples C1 and C2
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Fig. 2 The isothermal magnetization curves (M–H loop) measured at
77 K for a samples A1 and A2, b samples B1 and B2, and c samples
C1 and C2

type II superconductors there exists Meissner current circu-
lating along the periphery of the sample, which shifts the
hysteresis loop to diamagnetic quadrant [24]. In our sam-
ples studied, we have seen this effect indicating that there
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exists Meissner current in addition to bulk critical current.
To explore the effect of Lu doping in YBCO on the Meissner
flux expulsion, we have measured field-cooled magneti-
zation MFC as a function of temperature (Figs. 3, 4 and
5).

We note that M–H loop is shifted to the diamagnetic
quadrant which manifests the existence of Meissner surface
current in the samples. The existence of the Meissner cur-
rent can also be confirmed from the data of field-cooled
(FC) magnetization MFC (see Figs. 3–5). In the field-cooled
magnetization process, as T descends below Tc, the expul-
sion of flux lines, arising from their mutual repulsion, will
be opposed by pinning forces in the body of the specimen.
Hence, the magnitude of the diamagnetic signal depends on
the temperature-dependent critical current density as well as
the equilibrium Meissner surface current. As the tempera-
ture decreases, some of the flux lines will be expelled from
the sample. The larger the pinning strength hence the critical
current density Jc is, the smaller the flux expulsion will be,
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Fig. 3 a The data of field-cooled magnetization MFC at selected fields
recorded at 77 K. b Field-cooled magnetization MFC as a function of
temperature at Ha = 500 Oe for the samples A1 and A2
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Fig. 4 a The data of field-cooled magnetization MFC at selected fields
recorded at 77 K. b Field-cooled magnetization MFC as a function of
temperature at Ha = 500 Oe for the samples B1 and B2

i.e., the more magnetic flux will be trapped in FC process.
This can be readily seen by the inspection of flux density
profile shown schematically in Fig. 6. For the high Jc sam-
ple (see Fig. 6b), the flux density gradient will be steeper
than that for the low Jc sample (see Fig. 6a). Therefore, a
small diamagnetic signal in the field-cooled magnetization
measurement is an indication of high Jc of the samples. In
the light of this discussion and from the inspection of Figs.
3–5, it can be concluded that Lu doping in YBCO increased
the critical current density Jc and sample C2 has the highest
Jc among the others.

Regarding to transition temperature, it can readily be
seen that Lu doping in YBCO decreased the transition temp-
eratures consistent with the data obtained from AC suscep-
tibility (see Fig. 9) listed in Table 1. Note that the measure-
ments in Figs. 3b–5b are done at the field of Ha = 500 Oe.
Therefore, the transition temperatures measured by field-
cooling process are Tc (at 500 Oe) for each sample, which
are less than those measured by AC susceptibility at 1 Oe.
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Fig. 5 a The data of field-cooled magnetization MFC at selected fields
recorded at 77 K. b Field-cooled magnetization MFC as a function of
temperature at Ha = 500 Oe for the samples C1 and C2

Fig. 6 The configurations of the magnetic flux density, which are
encountered as the temperature is decreased (T1 >T2 >T3) during the
field-cooling process at a selected magnetic field, where the horizontal
axis represents the distance from the center to the surface of the cylin-
der. As the temperature decreases, flux shielding Meissner current and
flux holding bulk current increases, resulting in diamagnetic signal or
negative magnetization. The dashed area represents the flux expelled
during the decrease of temperature from Tc to T1

T=20K

H
a
 (Oe)

0 2000 4000 6000 8000 10000

J
c
 (
A
/c
m

2
)

0

10000

20000

30000

40000

50000

A1

A2

B1

B2

C1

C2

Fig. 7 The magnetic field dependence of the critical current density
of the samples at 20 K

We estimated the critical current density Jc from mag-
netization curves using the following equation derived by
Chen and Goldfarb [25] using Bean’s model for orthorhom-
bic samples:

Jc = �M

a

(
1 − a

3b

)−1
, (1)

where a and b are half width of the infinite orthorhombic
specimen (a ≤ b) and �M = (M↑ − M↓) is the width
of the major hysteresis loop. Figures 7 and 8 display the
magnetic field dependence of the critical current density of
Y1−xLuxBa2Ca3O7−δ samples at 20 and 77 K, respectively.
The values of the critical current density Jc for Lu-doped
YBCO samples (A2, B2, and C2) are higher than those
for undoped YBCO samples (A1, B1, and C1, respectively)
both for 20 and 77 K. For example, Jc for C2 at 20 K and
zero field is about six times larger than that for C1 (see

T=77K
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of the samples at 77 K
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Fig. 9 AC susceptibility as a function of temperature at Hac = 80 A/m
and f = 1 kHz for a samples A1 and A2, b samples B1 and B2, and
c samples C1 and C2

Table 1). The field dependence of the critical current density
for each sample at 77 K is larger than that at 20 K.

Figure 9 displays the AC susceptibility as a function of
temperature at the field amplitude of 80 A/m and frequency
of 1 kHz. The labeling of the samples is given in the legend.
The onset of the superconducting transition has been used
to determine Tc listed in Table 1. The diamagnetic transi-
tion temperatures are decreased by Lu doping as reported
in [19], where the samples were prepared by conventional
solid-state reaction method. We note that the measurement
of the remanent magnetization as a function temperature,
upon FC process, yields the values of Tc 2 or 3 K larger than
those determined from AC susceptibility for each sample.
For example, Tc is 92.5 for sample C1, while Tc is 91.5 K
for sample C2. Raychaudhuri et al. [4] reported the transi-
tion temperature of the Y0.75Lu0.25Ba2Cu3O7 system was
89 K measured by four-probe method. Tarascon et al. [3]
reported the transition temperature of the LuBa2Cu3O7−x

system was 88.2 K by using resistive method. Our results
are consistent with above-mentioned references in terms of
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Fig. 10 The magnetic relaxation or flux creep with time on a semi-
logarithmic scale at 20 K for a sample C1 and b sample C2
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decrease in Tc by Lu doping in YBCO. We normalized
experimental AC susceptibility data (both imaginary part χ ′′
(T) and real part χ ′(T)) to the |χ ′|at the lowest temperature
for each sample since the demagnetizing correction would
cause χ ′ = −1 for low enough temperature at low field
amplitude. The granularity of the superconducting samples
is manifested by two-step structure in the real part of the AC
susceptibility. The sharpest transition is observed in sam-
ple C2, which is another evidence that sample C2 has the
highest critical current density. We also note that for a given
AC field amplitude, the peak temperature of the imaginary
part gives consistent information for the comparison of the
critical current density of the samples.

Magnetic relaxation or flux creep measurements are
commonly used to study flux dynamics and estimate the
pinning energy of superconductors. All the samples studied
have shown magnetic relaxation. The typical time depen-
dence of the magnetic relaxation is displayed in Fig. 10
in the remanent magnetization regime upon excursion of
30 kOe for samples C1 and C2, at 20 K. We note that a linear
dependence of the magnetic decay on the logarithmic time
scale was found [26–27]. We deduced the normalized relax-
ation rate S hence the activation energy from the curve of the
Mrem vs lnt . Thus, the effective pinning energy U∗

0 defined
by U∗

0 = −kT/S. U∗
0 has been determined as 85.6 meV for

sample C1 and 81.3 meV for sample C2 in the absence of
magnetic field, where k is the Boltzman constant. Here, S is
defined as

S = d lnM

d ln t
≈ 1

Mi

dM

d ln t
(2)

where Mi is the initial magnetization; see ref. [28] for
detailed discussion.

4 Conclusions

We have measured isothermal magnetization curves,
field-cooled magnetization, and AC susceptibility of
Y1−xLuxBa2Ca3O7−δ (x = 0, 0.5) samples synthesized
by a modified melt powder melt growth (MPMG) method
at three different sintering temperatures (920, 930, 940 ◦
C). The critical current densities as a function of magnetic
field have been estimated from M–H hysteresis loop. Partial
Lu substitution for Y in YBCO superconductors improved
the bulk critical current density obtained M–H hysteresis
curves. This conclusion is drawn from (i) the width of
the hysteresis loop, (ii) the comparison of the penetration
fields, (iii) the comparison of field-cooled magnetization
data, and (iv) AC susceptibility measurements. However,

transition temperatures are slightly decreased by Lu doping
in YBCO system as reported by some researchers [3–4, 19].
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