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Abstract

Bulk superconductor samples of YBa,Cu;0,_ 5 (YBCO or Y-123), with additions of 0.15 wt% MoO;, TiO,, RuO, and two
different types of Al,0; compounds, are synthesized by a solid state reaction route. Structural, magnetic and transport proper-
ties of the samples are characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive
X-ray analysis (EDX), magnetic (M-H, M-T) and magneto-resistivity (MR-T) measurements. SEM investigations show that
the addition of the Al,O; obtained from the alumina crucible (Al,O5-cru) decreases the grain size of the sample which, in
turn, degrades the transition temperatures (7.) and magnetic critical current densities (J, ). On the contrary, the addition
of the other metal oxides enhances J,"“® of the samples by a few times and also increases 7. by up to 3 K. EDX analyses of
the samples exhibit homogeneous distribution of additions, except for Ru-heterogeneities located around superconducting
Y-123 grains. The highest J,. and T, values obtained on the RuO, added sample were attributed to the agglomeration of the
Ru-particles, which led to the optimal porosity that supports oxygenation process and intergrain coupling of the structure.
From the DC magnetization data, we estimated J."“® of 3.1 x 10° A/cm?, 2.3x 10° A/em?, 2x 10° A/cm?, 1.5% 107 A/cm?,
10% A/cm? and 5.1 x 10* A/cm? for the RuO,, TiO,, MoO5, Al,O,, undoped and Al,0;-cru added samples at 5 K under 0.25

T, respectively.

1 Introduction

Since the discovery of high temperature superconductiv-
ity (HTSCs) in layered Y-Ba—Cu—O (YBCO) ceramics in
1986, a huge effort has been made to improve its supercon-
ducting properties [1]. For many engineering applications,
such as electric power transmission systems, magnetic bear-
ings, trapped flux magnet etc., high transition temperature
(T.), narrow transition width (AT) and high critical current
density (J,) are desired [2-4]. However, the effect of weak
links between superconducting grains and the weak pinning
of flux lines are the main limitations of these materials for
technological applications. Substituting constitutional ele-
ments and creating defects are popular methods to overcome
these obstacles, as they produce artificial pinning centers
[5, 6]. Pr, Sm, Al, La, Yb, graphene, Ag, C, Fe, Ni, Ba, Ti,
Sr, Zn, Co, Cu, Au and Lu are examples of additions and
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substitutions that have already been performed to the YBCO
using various techniques [7-17].

In these studies, it has been found that the addition of sec-
ondary particles in some cases enhances electrical stability,
magnetic flux trapping, mechanical properties, grain orien-
tation and grain growth, as well as 7, and J,, and reduces
the normal-state resistivity (p,). It has been shown that it is
very important to control the size, volume and distribution
of added particles to improve the critical current density up
to 10°-107 A/cm? under 20 K [18-20]. Besides, electron,
neutron or heavy ion irradiation led to remarkable progress
in achieving high J’s by creating crystal lattice distortions
[21, 22].

It is known that electronic properties and crystalline
structure of YBCO are strongly governed by the amount of
oxygen in Y-123. Therefore, among the different compounds
used as dopants, metal oxides were mostly studied in the
literature to avoid additional oxygen vacancies that are likely
to degrade the transition temperature of the samples.

The aim of this study is to investigate the microstructure
and physical properties of Y,Ba,Cu;0,.5 (Y-123)40.15 wt%
Al,O; (obtained from two different sources), MoO;, TiO,,
RuO, polycrystalline samples. We aimed to introduce
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additional pinning centers and depress the infield negative
effects on J,. stemming from flux creep. The samples were
prepared by employing the classical solid state reaction tech-
nique and characterized using scanning electron microscope,
X-ray diffraction, transport and magnetic measurements.

2 Experimental

Solid state reaction was used in preparing Y ;Ba,Cu;0;_5
(Y-123) samples with separately added 0.15 wt% Al,05-cru
(obtained through intermediate grinding of alumina sub-
strate, Sigma-Aldrich, 99.8%, hereafter will be denoted as
Al,O5-cru), Al,O; (Alfa Aesar, 99.9%),, MoO; (Aldrich,
99.5+ %), TiO, (Alfa Aesar, 99.9%) and RuO, (Alfa Aesar,
99.9%). Stoichiometric proportions of thoroughly mixed
Y,0; (Reacton, 99.9%), BaCO; (Aldrich, 99+ %), CuO
(Alfa Aesar, 99.7%) and separately added Al,O5-cru, Al,O5,
MoO;, TiO, and RuO, were calcinated for 24 h at 880 °C
and 900 °C with two intermediate grindings. After calcina-
tion, the powders were pressed into pellets of 2 mm thick-
ness and 13 mm diameter at 400 MPa. The final pellets were
annealed at 980 °C for 24 h and then cooled to 480 °C where
these were kept for 4 h, in a flowing oxygen atmosphere,
before slowly cooling to room temperature.

Phase analysis of all samples was performed by powder
X-ray diffraction (XRD) utilizing a Rigaku Miniflex 600
diffractometer with Cu-Ka (40 kV, 15 mA, A=1.54050 10\)
radiation over the range 20 =10-80° at room temperature at
a scan rate of 3°/min. Morphological and elemental proper-
ties were observed using LEO EVO-40 scanning electron
microscope (SEM) attached with a Bruker energy disper-
sive X-ray spectrometer (EDX). The electrical resistivity was
measured as a function of temperature (R-T) between 30 and
150 K in self-field and under DC magnetic fields of 2 and
4 T using the conventional four probe configuration. 1 mA
AC (17 Hz) current was applied during R-7 measurements.
Transport and DC magnetization measurements (R-7, MR-
T, M-T and M-H) were carried out in a Quantum Design
Physical Properties Measurement System (PPMS-9 T). The
critical current densities were calculated from the magnetic
hysteresis loops (M-H) measured at 5, 15 and 25 K up to
8 T via the extended Bean critical state model formula. The
zero-field-cooled (ZFC) mode was applied under 100 Oe in
the range 5-150 K to evaluate the magnetic transition tem-
peratures through the M-T curves.

3 Results and discussion

Figure 1 shows the powder X-ray diffraction patterns and
corresponding (hkl) Miller indices of the undoped and
slightly doped YBCO samples. It is obvious that all the
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Fig. 1 XRD patterns of pure and 0.15 wt% doped Y Ba,Cu;0;_5 sam-
ples

main XRD peaks of the pure and doped samples belong
to orthorhombic phase of Y-123. The patterns show the
characteristic polycrystalline structure of the Y-123 com-
pound. The absence of additional phases in the pattern, such
as Y,BaCuOs, BaCuO,, BaCO; and Y,0;, shows the high
purity of the samples. In all the obtained patterns, the peaks
caused by additions are indistinguishable, which is con-
nected with their minor amount in the samples. The relative
intensity, width, sharpness and positions of the peaks do not
show significant difference depending on the dopants. This
means that 0.15 wt% addition does not have much influ-
ence on the phase formation and crystallographic structure
of Y-123.

Surface morphologies of the samples were studied by
SEM in order to observe the shape, size and orientation of
the grains, porosity and possible precipitations of the doped
elements. The grains of Y-123 have an irregular shape with
no specific alignment in the range of 1-15 um, as shown
in Fig. 2.a—f. There is only a small number of round pores
between the closely packed grains. It is evident in Fig. 2b
that the addition of Al,O5-cru seriously degrades the grain
sizes, as well as grain connectivity. The images in Fig. 2c—e,
present the characteristic layered growth of the Y-123 along
with rectangular-like grains, suggesting that two-dimen-
sional growth is energetically more favorable. It is observed
that the addition of 4 other metal oxides facilitates the grain
growth and partly fills in pores and micro-cracks. On the
other hand, it has been observed on the Ru-doped sample
in Fig. 2f that RuQ, is not totally incorporated into the host
matrix. This suggests that solid solubility of RuO, in the
Y-123 is lower than the 0.15 wt% doping amount. The pres-
ence of Ru particles was also verified by EDX elemental
mapping analysis as given in Fig. 3a, b. EDX measurements
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Mag= 2000KX EHT=2000kV SignalA=SE° WD= 1Zmm

Mag= 1000KX  EHT=2000kV SigralA=SE1 WD= 11mm

Fig.2 SEM microstructures of the bulk Y-123 with additives: a undoped, b Al,O5-cru, ¢ Al,O5, d M0O;, e TiO,, f RuO,. Arrows indicate the

Ru precipitation regions

confirmed the Y-123 stoichiometry, while elemental map-
pings showed the homogeneity of all the samples except for
the Ru heterogeneities dispersed in the matrices. However,
the signals stemming from the Al, Mo, and Ti could not
be detected on the EDX spectra, which is attributed to the
amount of doping that is below EDX detection limit.

Transition temperature, 7. “, values were determined
from the onset of diamagnetic signal in DC magnetization
versus temperature curves obtained at 5-140 K, Fig. 4. T,
values were found to be around 91.5 K for the samples, sug-
gesting that the presence of the additions does not degrade
the critical superconducting parameters of the Y-123,
Table 1. However, saturation magnetization levels show
differences depending on added compositions. Al,O5-cru
addition significantly decreases the diamagnetic signal level,
while this decrease is slight for Al,O;addition. On the other
hand, the additions of MoO;, TiO, and RuO, increase the
saturation magnetization level, more pronouncedly for the
RuO, addition, as shown in Fig. 4. The large Meissner signal
indicates that it has good bulk superconductivity.

Figure 5a—c presents the M-H curves of the samples
obtained at three different temperatures 5 K, 15 K and
25 K. M-H curves show the symmetrical behavior, which
is a characteristic of type-II superconductors. The central
maximum magnetization level observed in zero applied
field is the highest for RuO,-added sample and it decreases
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continuously with additions of TiO,, MoO;, undoped,
Al,05 and Al,O5-cru, respectively. Critical current densi-
ties of the samples, J.“*, were calculated by using Bean’s

critical state model, with the formula, J,"* = - (f(—)i%b)’ in

the field range of 0-8 T [23, 24]. In this formula, AM is
the width of the magnetization loop in emu/cm?, ¢ and b
(b > a) are the in-plane dimensions of the samples. All the
J'* curves follow exponential T dependence at 5 K. The
calculated results shown in Fig. 5d—f and Table 2 demon-
strate that the highest value of J/'* of 3.1 x 10° A/cm? is
reached in the RuO,-added sample at 5 K under 2.5 kOe
and then decreases to JI'** =2.3x10° A/em?, 2x10° A/
cm? and 1.5 x 10° A/cm? for the TiO,, MoO; and Al,0,
added samples under same conditions, respectively. These
values are a few times larger than that of the undoped
sample, showing the enhancement of the pinning capabil-
ity of samples through a possible increase in the number
of microscale crystal defects. Furthermore, the addition of
RuO,, TiO, and MoOj; could enhance the metallic charac-
ter of nanoscale secondary phases at grain boundaries,
thus improving grain connectivity and intergrain coupling.
On the other hand, it can be said that the addition of
Al,0;-cru does not involve chemical pinning, and thus
drops the J7'* as low as 5.1 x 10* A/cm? which is almost
half of the undoped one. The order of curves does not
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MAG: 10000 x HV: 20.0 kV WD: 11.0 mm

Fig.3 EDX elemental mapping images of a RuO, added Y-123 and b
single Ru element (Y is shown in red, Ba in green, Cu in blue and Ru
in yellow) (Color figure online)
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Fig.4 Magnetization versus temperature plots of the samples. Inset
shows the expanded view in the normal-to-superconducting transition
region

change for the measurements realized at 15 K and 25 K.
However, the influence of applied magnetic field on J,"“
weakens especially at magnetic fields higher than 3 T for
the 15 K and 25 K measurements.

The temperature-dependent resistivity measurements of
the samples were performed under applied fields up to 4 T.
All samples show metallic behavior above 72" values. The
appearance of zero-resistance state within a narrow tempera-
ture range, i.e. AT=1-4 K, shows compact crystal struc-
ture of the samples. It is clear from Fig. 6a—c that both the
increase of magnetic field, up to 4 T, and various additions
weakly affect the onset of superconductivity. 79 values
were found to be in the range of 90-91.3 K for all the com-
positions under self-field, 2 T and 4 T, Table 1. However,
increased magnetic field and different additions broaden
the transition by decreasing the T2 values from around
87-89 K to around 68-81 K. The appearance of resistive
tails on the lower temperature end of R-T curves is related
with an energy dissipation mechanism stemming from
motion of fluxons by Lorentz force and thermal energy. This
is known as thermally activated flux flow (TAFF) [25]. The
most significant decrease was observed on Al,O5-cru added
sample with an increase of AT=20 K from 72* =87.9 K
(0T) to T =68.1 K (4 Tesla). This decrease was only
around 8 K, from 7°* =89.1 K (0 T) to T"* =81.2 K for
the RuO, added sample. It seems that the only dopant lower-
ing the normal state resistivity of the samples is RuO, while
Al,03-cru doping leads to the highest normal state resistiv-
ity. RuO, doping also increases the 75 values a few kelvin.
Since the added RuO, is not completely dissolved in Y-123,
as observed in SEM images, it is suggested that Ru atoms do
not substitute the major components of the Y-123 and adhere
to grain boundary forming weak links. This behavior can
also promote the oxygenation of the Y-123 superconduct-
ing grains by leading optimal porosity. Hence, RuO, dop-
ing might support reaching of optimal values in hole carrier
concentration in the superconducting phase of the Y-123.

The strongest influence of external magnetic field on
resistive transition is obtained for the Al,O;-cru doped
sample, which is attributed to the smaller grains and larger
number of grain boundaries as observed in SEM investi-
gations. It is evaluated that, in contrast to the other metal
oxide additions, the addition Al,Os-cru increases the peri-
tectic temperature of the YBCO which obstructs chemical
interaction of the doped atoms with the host matrix. The
presence of these unreacted powders during annealing con-
tributes to the nucleation of additional Y-123 grains and
creates more grain boundaries. The decrement observed on
J. values, in the case of Al,O5-cru addition, is ascribed to
increasing numbers of grain boundaries which seem to act as
resistance towards superconducting carriers. Furthermore, in
addition to having two different fabrication routes, contrast-
ing effects of Al,O; and Al,O5-cru on the J;“ of the Y-123
could be related to the size of the doped powders, since the
Al,O5-cru was obtained by manual grinding, the size of the
doped powders are much larger (on the order of a few tens of
um) than that of commercial Al,O5 with mean size diameter
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Table 1 Superconducting

i ¢ Composition M-T MR-T
transition temperatures (in
Kelvin) of the samples derived 0T 2T 4T
both from magneto—FeSI.StIVlty T8 onset Tzero AT gmidpoint Tonset Tzero AT midpoint onset Tzero AT midpoint
(MR-T) and magnetization ¢ c c T, P ¢ T. c p T,
measurements
Undoped 91.3 91 87 4 906 90.3 803 10 884 90 778 122 873
Al,O5-cru 91.3 909 879 3 902 91.1 715 19.6 89.2 91.3 68.1 232 88.6
AlLO4 91.6 909 89.3 1.6 904 90.8 77.4 134 89.6 90.8 74.5 163 89.2
MoO; 91.5 909 879 3 903 90.3 81.6 8.7 884 91.1 78 13.1 87.7
TiO, 914 90.8 88.1 2.7 90.2 90.8 82.6 82 885 90.8 772 13.6 874
RuO, 91.6 91.1 89.1 2 904 90.6 831 7.5 892 90.8 812 9.6 88
T™MiPoNt o lues inferred from the peak points of the dp/dT curves
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of about 1 um. On the other hand, compared to the ceramic
phases, the mobility of the metal oxides are higher and there-
fore, addition of other metal oxide impurities, namely MoOj,
TiO, and RuO,, facilitates grain growth and fills in micro-
cracks, thus promoting 7% and J;"* values in most cases.
These results are generally consistent with previously
published data for Y-123 fabricated through different
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techniques. For example, in a study realized by Kim et al.
using top-seeded melt growth process, it was found that
low level Mo substitution to the Cu site (<1 wt%) led to a
small decrease of the 7, and increase of the J, while high
level substitutions caused a large J, decrease [26]. The J.
enhancement by the low level Mo substitution was attrib-
uted to the Mo incorporation with the CuO chains as an
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Table 2 Calculated magnetic critical current densities, J ¢, of the samples at 5 and 15 K

J8 (Alem?) x 10°

Tempr.— 5K 15K
Material-  Un-doped  Al,Os;-cru  ALO; MoO; TiO, RuO, Un-doped ALOj-cru AlLO; MoO; TiO, RuO,
Mag. field|
025T 1.01 0.51 1.5 1.98 235 313 0.56 0.32 0.8 1.04 1.13 1.36
05T 0.84 0.41 1.2 1.64 201 279 0.38 0.22 0.53 0.71 0.8 1.03
1T 0.58 0.29 0.83 1.16 1.47 213 0.24 0.14 0.33 0.46 055 0.75
3T 0.32 0.16 0.49 0.69 092 139 0.13 0.06 0.19 0.28 036  0.55
5T 0.26 0.12 0.41 0.58 077 121 0.12 0.04 0.18 0.26 035 054
7T 0.23 0.1 0.38 0.53 0.71 1.12 0.11 0.04 0.18 0.26 035 053
785T 0.20 0.09 0.34 0.46 057 0.78 0.11 0.04 0.18 0.25 033 046
Fig.6 Temperature-dependent 9 9
resistivity of the samples under 8] (a) 0T e 8 (b)
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extended point-like defects or nanoscale non-supercon-
ducting particles [27]. Yanmaz et al. researched TiO, dop-
ing effect in Y-123 by applying flame-quench-melt-growth
(FQMG) method in weight percentages of 0, 1, 3, 5, 7 and
10 wt% [28]. They proposed that TiO, doping of Y-123 did
not improve the weak-link behavior of the superconducting
grains and the 7. Since, the percentage of the added TiO,
is higher than that of our study, it has been concluded that
only minor amount of TiO, additions enhance the pinning
properties of the Y-123. Krabbes et al. investigated the Ru
doping (0.25-0.7 wt%) effect to melt-processed Y-123 bulk
single grain samples and found that Ru is not dissolved in

the Y-123 and forms the Y,BaCuOjs (Y-211) free Y-123
single crystal [29, 30]. They found flux-pinning weaken-
ing and lower J, due to reduced contribution from Y-211
particles. Regarding our results obtained from the Ru added
sample, the difference could be ascribed both to the differ-
ent applied doping ranges and different crystalline forms.
M’ chirgui et al. embedded the insulating nano-Al,O; parti-
cles with mean size diameters of about 130 nm and 150 nm
into Y-123 and found that slight inclusions (< 0.1 wt%) can
effectively enhance the flux pinning capability of samples
without a change in 7, [31]. In connection with our results
obtained from the Al,05 and Al,O5-cru added samples, we
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can deduce that as the size and amount of Al,Oj; particles
in the Y-123 decrease, the positive effects on the supercon-
ductivity increase.

4 Conclusion

The YBa,Cu;0, 5 bulk superconductors with additions of
0.15 wt% Al,05-cru, Al,05, M0oO;, TiO, and RuO, were
prepared by the conventional solid state reaction technique
to investigate the effect of additions on the superconduc-
tivity of the Y-123. The XRD results showed single phase
orthorhombic Y-123 for the whole range of impurities.
SEM investigations revealed that the metal oxide additions
improve the grain formation and grain connectivity, while
Al,0O5-cru lowers the size and connectivity of the grains
leading to adverse effects on the J, of the samples. EDX
measurements confirmed the homogeneous distribution of
doped elements except for Ru precipitates located around
Y-123 grains, which are believed to be the main reason for
the remarkably high 7, and J,. values by providing optimal
oxygenation of the Y-123 grains and additional pinning
centers. With respect to the fabricated impurity-free Y-123,
RuO, addition raises the T2 around 2-3 K under different
magnetic fields. 3 times larger J,. values were achieved in the
RuO, added sample over a wide range of applied magnetic
fields, and this composition yielded the lowest normal state
resistivity among the six different samples fabricated. The
addition of three other different metal oxides, namely Al,O5,
MoO;, and TiO,, also enhances current carrying capacity of
the Y-123 sample around 1,5-3 times without any decrease
on transition temperatures, which are considered to be the
direct evidence for the presence of effective flux pinning
centers within the sample. Furthermore, the addition of
MoO; and TiO, has little effect on transition width of the
Y-123, while adding Al,O5-cru significantly broadens the
resistive transition.
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