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ABSTRACT

Polycrystalline samples of YBa,Cu;0;; have been synthesized via co-precipitation method with the inclusion of
Gd,O; (0 < x < 1.0). The effect of Gd,O3; nanoparticles on the superconducting properties and crystal structure of
YBa,Cu30,.; were investigated. The superconducting transition temperature (7.) of each sample was measured by a
standard four point probe method. As the inclusion of nano-Gd,Oj; increases, the T, of samples decrease from 92 K for x =
0.0 to 80 K for x = 1.0 wt% attributable to oxygen vacancy disorder. The crystal lattice parameters of all samples were
determined by X-ray diffraction (XRD) with the Rietveld refinement technique. It was found that the samples are
predominantly single phase perovskite structure Y-123 with orthorhombic and secondary phase, Y-211 for samples x = 0.2
- 1.0 wt%. The microstructural properties of samples were observed by Scanning Electron Microscope (SEM). The
structure becomes more porous than the pure sample and the grain size significantly decrease. The addition of nano-Gd,O;
disturbs the grain growth of YBCO (123), thus resulting in the degradation of superconducting properties of the samples.
The effect of Gd,O; addition for intergranular critical current density, J. and the presence of weak links that coupled the

superconducting grains were also defined in AC susceptibility measurement in the range 0.005 Oe to 3.0 Oe.

Keywords: YBCO, superconducting transition temperature, co-precipitation, AC susceptibility, critical current density.

1. INTRODUCTION

The discovery of  high temperature
superconductivity in the copper oxide based materials by
J. G. Bednorz and K. A. Miiller in 1986 resulted in
worldwide interest in these materials. Intense research
efforts into superconductivity were undertaken during the
last two decades. Several important methods such as solid-
state [1] and wet chemical methods have been used to
synthesize YBCO. Wet chemical methods can be
separated into co-precipitation [2], sol-gel process [3],
spray drying [4] and pyrophoric process [5]. Many of the
copper oxide based materials, such as YBa,Cu;0,.5, were
found to have a T; higher than the boiling point of liquid
nitrogen (~77 K). Recently, many researchers have
focused on investing the superconducting properties of
high temperature superconductor YBa,Cu;0;; (YBCO)
because this type of superconductor receives enormous
attention due to their captivating properties, e. g. relatively
high T, high J. and excellent capabilities of trapping
magnetic fields [6,7]. Previous studies showed that critical
temperature, 7. is sensitive to impurities and doping
elements which suppress the superconductivity and may
locally modify the crystalline structure and generate
defects such as twins, tweed, and inhomogeneous micro-
defects, and can act as additional pinning centres [8,9]. In
this work, we report the results of superconducting
properties of YBa,Cu307.5 with inclusion of small range
Gd,0;, x = 0.0 — 1.0 wt%. The samples were prepared by
using co-precipitation method. The results on crystal
structure and phase formation analysis are reported as
well.

2 MATERIALS AND METHODS

Powder of constituent metal acetates of Yttrium
(III) acetate (Y(CH3COO);.4H,0), barium acetate
(Ba(CH;COOQ)) and copper (II) acetate (Cu(CH3COOQO),)
with purity > 99%, were weighed in their molar ratio 1:2:3
and dissolved in acetic acid, namely solution A.
Meanwhile, solution B containing 0.5M oxalic acid was
prepared in a mixture of deionized high-purity water:
isopropanol (v/v = 1:1.5). Solution B was added drop-wise
into solution A in an ice bath with continuous stirring in
order to completely dissolve the solutions. A uniform,
stable, blue suspension was formed and the slurry was
filtered after 5-10 minute of reaction. After filtration, the
filtrated cake was allowed to dry at 80 °C overnight. The
dried blue precipitates were ground prior to thermal
treatment at 900 °C in air for 15 h. The calcined powders
was added with nano-Gd,O; (x = 0 - 1.0 wt%) and
reground in agate mortar until well-mixed. The mixed
powders were pressed into pellets of 13 mm diameter
using Specac manually operated hydraulic press. The
pellets were sintered at 920 °C for 15 h in air and cooled
slowly to room temperature in furnace at a rate 1 °C/min.
The thermal decomposition behaviour of the
coprecipitated precursor powders were analysed by using a
Mettler Toledo thermobalance (model TGA/SDTA 851°)
with a heating rate of 10 °C/min. Samples of
approximately 8 g were placed in aluminium pans and
heated from 30°C to 900°C under a dynamic flow of
nitrogen at 50 mL/min. The structure and phase
identification of the powder samples ground from sintered
pellets were examined by powder XRD using a Philips
1710 diffractometer with Cu Ka radiation. Refinement of
the X-ray diffraction data was carried out by the Rietveld
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method. The electrical resistance measurements were
made by using standard four-probe method, in a closed
cycle helium cryostat at temperatures between 20 K and
300 K. The surface morphology of the samples was
carried out by scanning electron micrograph (SEM). The
AC susceptibility measurement was performed using a
Cryogenic Balanced Inductive Detector (CryoBIND)
SR830 lock-in-amplifier at a frequency 123 Hz to study
the flux penetration when samples were heated from 75 K
to 95 K with the driving ranging from 0.005 Oe to 3.0 Oe.

3 RESULTS AND DISCUSSIONS

3.1 Thermo gravimetric analysis (TG / DTG)

Figure-1 indicates the thermal decomposition of
the YBCO precursor powder during the TG measurement
and DTG (derivative of the weight loss curve). From this
method, the proper sintering temperature could be
estimated. As shown in drop 1 and 2 (< 240 °C),
approximately 19% weight loss is attributed to the
dehydration of moisture and water in lattice of the oxalate
salts. This dehydration process is also proved by DTG
measurements where the drop peaks are in the same
temperature range and could be clearly seen. A sharp drop
peak is observed in drop 3, approximately 18% weight
loss in the temperature range of 250°C to 356°C as the
decomposition of the yttrium oxalate salts to the
corresponding carbonates and copper oxalate to
corresponding copper oxide. The XRD spectrum of the
samples is shown in Figure-2. It is noteworthy to remark
that rare earth carbonates are amorphous and they are so
difficult to be detected by XRD analysis [10].

In drop 4, the decomposition of barium oxalate
corresponding barium carbonate is observed in the range
of temperature 365.7°C - 568.8°C respectively. On heating
to higher temperature, the composition of barium
carbonate to barium oxide takes place at near 760°C and
fully decomposed at 896°C. At temperature near 900°C,
the formation of YBCO 123 (Y 123) phase was produced.
However, at temperature above 950°C, the
superconducting YBCO phase is damaged due to oxygen
loss and melting [11]. Consequently, from the TG plots,
the total losses of mass during the entire thermal
decomposition process were found to be 55%.
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Figure-1. Thermogravimetric (TG/DTG) analysis of the
YBCO oxalate powder.

3.2 X-ray Diffraction (XRD) pattern

Figure-2 shows the refined 6-20 diffraction
pattern of YBCO added with various amount of Gd,O;.
Those data was compared with that of ICDD-PDF-2
database to verify the structural parameters. It showed that
the pure sample is dominantly single phase and consist of
perovskite-like  structure Y123  corresponding  to
orthorhombic Pmmm symmetry. The lattice parameters
and unit cell volume for pure YBCO sample obtained from
the data are @ = 3.8211 A, b =3.8881 A, ¢ = 11.690 A and
V = 173.68 A. The highest intensity diffraction patterns
mainly show Y123 (013) and (103) peaks at
approximately 32.60° and 32.90° (2-theta).The structural
parameters for the samples were refined so that the
calculated pattern fits the observed spectrum very well. It
has been noticed that some small intensity peaks of
secondary phases, Y-211 and impurity Gd,O; are finely
distributed in samples x = 0.2 — 1.0 wt% with peak
approximately at 30° and 29°. The volume fraction of
non-superconducting phase, Y211 increases from 12.2%
to 28.7% as the addition of Gd,Os increase. This condition
might affect the superconducting properties in this system.
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Figure-2. X-ray diffraction pattern of YBCO with
various addition of Gd,0s.

The lattice parameters along a-, b-, and c- axis
versus Gd,0; weight percent; x is plotted in Figure-3. The
lattice constant, a increase in samples x = 0.2 - 0.6 wt%
and slightly decrease in x = 0.8 wt% and 1.0 wt%. On the
other hand, lattice constants b and c¢ decrease as the
concentration of Gd,0O; increase. While the unit cell
volume values, V increased in x < 0.4 wt% and slightly
decreased in 0.6 - 1.0 wt% as shown in Table-1.
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Figure-3. Variation of lattice constants along a-, b- and c-
axis for YBCO added with various amounts of Gd,Os.

Table-1. Refined unit cell lattice parameters, a, b and ¢
axes for YBCO added with various amounts of Gd,O;.

x, Gd0; | a(A) b (A) cA) | V@AY
0.0 3.8211 | 3.8881 | 11.690 | 173.6762
0.2 3.8258 | 3.8870 | 11.680 | 173.6919
0.4 3.8280 | 3.8875 | 11.686 | 173.9034
0.6 3.8283 | 3.8871 | 11.681 | 173.8248
0.8 3.8280 | 3.8867 | 11.682 | 173.8082
1.0 3.8278 | 3.8864 | 11.680 | 173.7559

All samples with Gd,O; addition are maintained
with orthorhombic structure comparable to the pristine
sample which is calculated from the equation:

(b—a)
(a+b)

Orthorhombicity =

as reported by Giri[12].Upon increasing the addition level
of Gd,0;, it gives the difference between lattice constants
a and b, thus reduces the orthorhombicity of the system
linearly as shown in Figure-4. Refinements with two
phases also tell us that Gd,0; and YBCO (123) coexist in
the composites and the Gd,O; grains have successfully
been inserted among YBCO grain boundaries. The
variation in lattice constants and unit cell volume may
cause and induce the tensile strain in YBCO crystalline
grain [13].
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Figure-4.Calculated orthorhombicity versus YBCO added
with various amounts of Gd,0s.

3.3 Electrical resistance

Figure-5 shows the dc conductivity of YBCO
with various amounts of Gd,O; was measured by four
point probe method.It was found that the pure sample
exhibits metallic behaviour in the normal state at T, e =
92 K and reaches the zero resistance at T, ,pe= 88 K.
Samples with x = 0.2 - 1.0 wt% start to show semimetallic-
semiconducting behaviour in the normal state and a
superconducting transition to zero resistance. T opser 1S
about 91, 90, 89, 88 and 80 K for samples x = 0.2, 0.4, 0.6,
0.8 and 1.0 wt%, respectively. The samples with additives
show a two-step transition due to phase separation in
YBCO at different doping level. The presence of a double
superconducting transition can be attributed to the
existence of another superconducting phase or impurities
which can contribute from the chemical reaction of Gd,0;
with the matrix.The critical temperature (7;) is also related
to the oxygen deficiency, J through the generic phase
diagram of cuprate superconductors [14]. It was believed
that oxygen content in this system was decreased and
found that 7, follows an approximately parabolic
dependence upon the doped holes concentration, p. In such
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case T, appears to be maximized around p = 0.16. The
charge carrier (number of holes) concentration-critical
temperature dependence can be defined by using the
following relation [15]:

T, ,
=1-82.6(p—0.16%)

Tc—max

The hole concentrations of the samples have been
calculated and the results are shown in Table-2.
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Figure-5. Normalized critical temperature, T, for samples
sintered with various amounts of Gd,Os.

Table-2. The T, .oneets Te-offser» transition width, AT, and hole
concentrations, p for YBCO added with various
amounts of Gd,0s.

x,Gd,0 T.. T.. Hole
3 onset(K offset(K ATc(K) concentrations
W) || ) 2
0.0 92 88 0.160
0.2 91 80 0.149
0.4 90 78 12 0.144
0.6 89 74 15 0.140
0.8 88 72 16 0.137
1.0 80 58 22 0.120

3.4 Microstructure analysis SEM

Figure-6 display the SEM images of YBCO
samples with addition of Gd,0; at x = 0.2, 0.4, 0.6, 0.8 and
1.0 wt% taken at different magnifications. A very clear
grain can be seen in samples x = 0.2, 0.8 and 1.0 wt%.
However, in the case of samples x = 0.4 and 0.6 wt%,
some agglomeration, rough and smeared on surface as
shown in Figures 6 (a) and (b). The grains are not clearly
seen indicating that the samples were not well polished.
Luckily, the average size of 100 grains for these samples
can still be measured using software Image J. It was
observed that the grain size of the samples decreased as

the addition of Gd,0; increased. The grain size for each
composition of x = 0.2 - 1.0 wt% is about 1.592 pm, 1.508
pm, 1.419 pm, 1.448 um and 1.424 pm.

The pores and voids are obviously can be seen in
every figure indicates that the samples are not closely
packed, not good in grains connectivity and have lower
density [16]. A molten-like structure was discovered in the
highest additive of Gd,O3, x = 1.0 wt% which might be
due to high temperature sintering. All these factors will
contribute to the depression of superconductivity
properties especially in the critical current density, J..
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Figure-6.SEM images with average grain size measured
from Image J for YBCO + Gd,0s3; (a) 0.0 wt%, (b) 0.2
wt%, (c) 0.4 wt%, (d) 0.6 wt%, (e) 0.8 wt% and
() .10 wt%.

3.5 AC Susceptibility analysis

Since superconductor polycrystalline samples are
granular in nature, the best way to study their
superconducting  properties is by  magnetization
measurements rather than transport measurements. Ac
susceptibility is considered as a non-destructive method,
without electrical contacts and the sample size can be very
small yet in the powder form [17]. Basically, the transition
change from a normal state to the superconducting state is

characterized by the resistivity loop. But 1in
superconductor, the magnetic manifestation of zero
resistivity is that a material is said to be superconductor if
it shows perfect diamagnetic shielding (Meissner
effect);where its susceptibility, y value is absolutely -1.
Thus, the critical temperature, T,, where resistivity tends to
zero can be determined from this an Ac susceptibility
measurement. Sometimes the onset temperature of
transition, 7T, ., 1S used to describe the transition
temperature and therefore it shows the quality of the
sample. Onset temperature is observed from the first sign
of zero resistance and defined as the onset upon cooling,
even if the measurement is made upon warming. T, onsec 1S
also often related to the Meissner shielding, resulting in
decreasing of yx’, while y” may remain zero in ideal
superconductor with no obvious loss.

Figure-7 show the temperature dependence of
susceptibility losses of studied YBCO with addition of
xGd,05 (x = 0.2, 0.4, 0.6, 0.8 and 1.0 wt%) samples under
magnetic field amplitude 0.005 Oe to 3 Oe at a fixed
frequency of 123 Hz. The experimental ac susceptibility
data ¢’ (T) and y” (T) were normalised to |y| at the lowest
temperature and the lowest ac field amplitude for each
sample since the demagnetising correction would cause y’
= -1. In polycrystalline HTS, a typical characteristic of
ACS is the appearance of two step diamagnetic transition
in %’ and accompanied by double peaks of y” due to the
intra-granular and inter-granular transition. In the real part,
¥ (T), samples with content 0.2 and 0.4 wt% of Gd,O;
show a double-step transition up to field of 0.1 Oe.
However, as the field amplitude increase from 0.5 - 3 Oe,
the curve showed single—step diamagnetic transition.
Besides, samples with content 0.6 wt% and 0.8 wt%
Gd,05 the curves show single-step transition in the field
amplitude > 0.1 Oe. In the case of highest amount of
Gd,0;5, x = 1.0 wt %, the diamagnetic transition curves
show single-step and remains unchanged at around 90.5 K
in all fields amplitude. This is due to the effect of
maximum Gd,O; adding which weakens pinning force in
the system and poor coupled in the grain.

The imaginary part, % (T) which represent the
presence of hysteretic and flux motion losses [18] is the
reflection from the real part, y’ (T), because relative alter
of T, with H,.. Thus, T}, in inter-granular was observed at
low field only in samples 0.2 wt % (T, = 80, 79.9, 78.3 K
at 0.005, 0.01 and 0.05 Oe) and 0.4 wt% (T, = 78 and 77.5
K at 0.005 and 0.01 Oe), respectively. As the field
increased, 7, shift to the lower temperature and peak
becomes broaden. The amount of the shift as a function of
the field amplitude, H,. is directly proportional to the
magnitude or strength of the pinning force. The weaker the
pinning, the smaller the critical current [19]. This can be
attributed to the some defects such as vacancies, twin
boundaries, grain misorientation and strain in the sample
even though the effect is small which are responsible for
energy losses in " (T) peak [20].

However, it has been noticed that as the adding of
Gd,0; increased, the intra-granular peak is clearly able to
be seen and height of peak slightly increases as shown in
the inset of the graph in every figure but T, in inter-
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granular losses unseen because it is below minimum
measurement range (a limitation of using liquid nitrogen).
This peak (near T.) is the manifestation of the field
penetration into the grains or indication of hysteresis loss
for the motion of intra-granular Abrikosov vortices inside
the grains [21]. A broad separation between inter- and
intra-granular loss peaks indicates that the grains were not
well-coupled. Because of ac susceptibility measurement is
temperature dependence, this measurement should be done
in lower temperature (liquid helium) so that the inter-
granular peak is visible and further investigation could be
done.
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Figure -7. AC susceptibility of YBCO with addition of
Gd,03; (a) = 0.0 wt%, (b) = 0.2 wt%, (c) = 0.4 wt%,
(d) = 0.6 wt%, (e) = 0.8 wt% and (f) = 1.0 wt% at
frequency 123 Hz and various applied field.

4. CONCLUSIONS

All samples have been successfully prepared by
coprecipitation method with the magnetic nanoparticle,
Gd,03 was commenced into YBCO bulk through the final
sintering procedure. From TG and DTG measurement, the
sintering temperature for YBCO 123 was about 900 -
920°C. Above 950°C, the superconducting YBCO phase is
damaged due to oxygen loss and melting. In the case of
phase formation, the XRD patterns showed that pure
sample dominantly single phase and consist of perovskite-
like structure Y123 corresponding to orthorhombic Pmmm
symmetry. However, in the case of the addition of
magnetic nanoparticles, the secondary phase showed the
existence of semiconducting phase Y,BaCuOs (Y211)
which is commonly observed to coexist in YBCO (123)
and impurity were observed in all samples. The variation
in lattice constants, a, b and ¢ and volume fraction showed
that the orthorhombic distortion sensitively depends on the
oxygen content and the ionic radius of the RE.This may
contributes to the reduction of critical temperature, T,
from 92 K to 88 K. The SEM images showed that the
porosity increased and the particle sizes became smaller.
From the temperature dependence of ac susceptibility, the
inter-granular peaks were only observed in the sample x =
0.2 wt% with the T, shifted to lower temperature as the
applied field increased. In the case of x = 0.4 — 1.0 wt%,
the intra-granular peak is clearly able to be seen and height
of peak slightly increases. A broad separation between
inter- and intra-granular loss peaks indicates that the
grains were not well-coupled. Because of ac susceptibility
measurement  is  temperature  dependence,  this
measurement should be done in lower temperature (liquid
helium) so that the inter-granular peak is visible and
further investigation could be done.
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