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Abstract

In this study, three kinds of YBCO samples which are named Y1, Y2 and Y3 were fabricated by a melt—-powder—melt—growth
(MPMG) method. The Y1 sample was placed into a platinum (Pt) crucible without Y,O3, the Y2 sample was located on a
Al,O3 crucible with a freely poured Y203 powder and the Y3 sample was located on a Al,O3 crucible with a 1-mm-thick
buffer layer of Y,03. YBCO samples were investigated by magnetoresistivity (o—7") measurements in dc magnetic fields
(parallel to the c-axis) up to 5 T. The effect of the Y,Oj3 layer on the activation energy and irreversible flux of the samples
was studied. The activation energies (U) were determined using the Arrhenius activation energy law from p—7. The power
law relationship for U with H ™% was investigated. o was calculated to find out which defects were dominant in the samples.
Irreversibility fields (Hj,) and upper critical fields (Hp) were obtained using 10 and 90% criteria of the normal-state
resistivity value from p—T curves. Irreversibility lines (ILs) were estimated from the equation Hj ~ (1 — Ti:(H)/ Tirr (0))".

The fitting results to giant flux creep and vortex glass models were discussed.

Keywords MPMG method - Y,03 layer - Activation energy - Pinning mechanism - Irreversibility field - Vortex glass -

Vortex liquid - Giant flux creep

1 Introduction

Melt process has been accepted as a suitable method for the
fabrication of large single-crystal YBCO high-temperature
superconductors (HTSs) having good flux pinning and
magnetic properties [1].

Since the melt—-powder—melt—growth (MPMG) process is
based on the reaction: Y,BaCuOs (211) + L(3BaCuO; +
2Cu0) — YBayCuz07_4(123), it is possible to make the
211 remain in the final structure by changing the star-
ting composition toward the 211-rich regions. When the
distribution of 211 is not uniform, the final structure
becomes inhomogeneous and results in weak connectivity
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of the superconducting phase, which leads to lower critical
current density (J.). In order to promote the growth of the
superconducting phase, the 211 particles must be dispersed
uniformly in the liquid [2]. Since the 211-phase nucleates
from Y,03, it is possible to control the distribution of the
211 phase if the distribution of Y03 is controlled [3].
The 211 particles act like flux pinning centres after the
fabrication process. Furthermore, it was observed that the
Y,03 buffer layer on crucible also prevents the liquid to
spread on the furnace plate [4] and the contamination from
Al>O3 crucible to the sample during the crystal growth of
bulk YBCO.

To understand the complex pinning behaviour in high-
temperature superconductors, for simplicity, we studied
the effective activation energy (U) of the flux pinning
dependency on the magnetic field and temperature. One
accepted method for probing this dependence is to measure
the resistive transition in various applied magnetic fields and
temperature. It is commonly suggested that the resistivity of
the high-temperature superconductors in the region of low
resistivity can be described as the Arrhenius relationship [5].
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Two main theoretical lines are used for the interpretation
of the irreversibility line (IL), one of which is that
the vortices are thermally activated. In this case, the
reversible behaviour occurs when the flux creep effects
become dominant. The other line of reasoning suggests that
associated with Tj, a phase transition occurs [6].

Three different phases of the vortex matter were observed
in YBCO single crystals: an almost perfect vortex lattice,
a disordered vortex solid (or vortex glass) and vortex
liquid. This rather complex phase diagram was simplified
for superconductors with strong pinning in which only
the vortex glass and vortex liquid were found. These both
phases are separated by the irreversibility field, H;.(T'), for
the glass phase. Irreversibility field, Hi(T), is the highest
magnetic field for applications of high-7; superconductors
[7].

In our previous works, the effects of the Y,Oj3 layer on
the melt growth process were investigated and the effects on
mechanical and magnetic properties were described [§—10].

In this study, YBCO samples were grown on non-layer
and Y, 03 layers. We are interested in the effect of not using
the Y03 layer and using the powder or pellet Y,O3 layer.
Based on the Arrhenius equation, a method to calculate the
activation energy, U(T, H), from the resistance transition
is described. The power law relationship for U with H can
be determined as follows: U (T) « H™“%, where « is the
fitting parameter. Also, irreversibility lines are described
from the equation Hiy ~ (1 — Ti(H) / Ti1x(0))". According
to n values, giant flux creep (GFC) and vortex glass models
are analysed in the context of thermal activation and using
the Y, O3 layer.

2 Experimental Details
YBCO samples which are named Y1, Y2 and Y3 containing

high-purity powders of Y03, BaCO3 and CuO were
fabricated in 1:2:3 stoichiometric ratio by the MPMG

method. The details of the precursor preparation were
described elsewhere [10]. The Y1 sample was placed into a
platinum crucible without Y503, the Y2 sample was located
on Al,O3 crucible with a freely poured Y,03 powder and
the Y3 sample was located on Al,O3 crucible with a 1-
mm-thick buffer layer of Y,03. Schematic diagram of the
thermal process of these samples for crystal growth state
is given in Fig. 1. Finally, the samples were annealed at
500 °C for 24 h in flowing oxygen and then cooled to room
temperature at a rate of 1 °C/min in oxygen.

Magnetoresistivity measurements were performed by a
standard four-point method at temperatures between 40 and
100 K with a heating rate of 4 K/min using a Quantum
Design Physical Properties Measurement System (PPMS)
under various constant magnetic fields parallel to the c-axis
such as 0, 1, 2, 3,4 and 5 T in the zero-field cooling (ZFC)
regime.

3 Results and Discussion
3.1 Magnetoresistivity Measurements

Figure 2 shows the magnetoresistivity results of Y1, Y2 and
Y3 samples. When these three samples were observed with
naked eyes, the grain size of Y3 (with a 1-mm-thick buffer
layer of Y,03) sample was approximately 8 mm.

The superconducting transition curves measured for all
samples at 0 T magnetic fields were extremely sharp. The
sharpness of the transition is proportional to the degree of
interconnectivity of grains. Besides, the superconducting
transition temperatures skipped lower temperature with an
increasing magnetic field as listed in Table 1.

Y1 (without Y,03) has a maximum transition tem-
perature (94.5 K) at a 0 T magnetic field, among these
superconductors (Table 1). The width (AT) of supercon-
ducting transition temperatures of the Y1 (without Y,03),
Y2 (with a freely poured Y,0O3 powder) and Y3 (with a

Fig.1 Schematic diagram of the T (°C)
thermal process for YBCO 4
samples at 1050 °C
1050
1000
2.5°C/min
950
900
1°C/min
7°C/min
t (min.)

@ Springer

A



J Supercond Nov Magn (2018) 31:3167-3174

3169

(@) Y1

1.0 ° 0T

—— 1T

0.8 | 2T
% —*— 3T
%0,5» —— 4T
= —— 5T
S
o 04

(b) Y2

p(T) /p(100 K)

() Y3

p(T) /p(100 K)

T (K)

Fig.2 The temperature dependence of normalised resistance for the a
Y1 (without Y,03), b Y2 (with a freely poured Y,03 powder) [9] and
¢ Y3 (with a 1-mm-thick buffer layer of Y,03) [9] samples at different

I-mm-thick buffer layer of Y>,03) samples in a 5 T magnetic
field appears to be nearly 5, 9 and 8 K, respectively. It is
observed that the magnetoresistance of samples is resistant
to the magnetic field. The weak links of the grain boundaries
firstly returned to normal state by the applied magnetic field.
Then, the entering magnetic field into grain is disrupted by
the superconductivity. Due to the smallest width of super-
conducting transition temperature in the Y1 sample, this
process is moving more slowly. So, the Y1 sample produced
without the using of the Y203 layer is resistant to magnetic
field. Moreover, the large AT values imply very sluggish
oxygen diffusion into the large-sized single Y123 grains in
spite of the presence of the Y211/Y 123 interfaces [11].

Secondary 211 phase was formed by the rapid cooling
process; however, it is known as an effective pinning
centre, due to the expanding of the AT range and reducing
resistance to magnetic field, not served as the effective
pinning centre. When considering the peritectic reaction
(Y03 + L(BaO + CuO) — Y,BaCuOs), some Y,03
particles from the layer do participate in the reaction from
the layer distributed throughout the sample, distorting the
nature of pinning centres, which contributed to the reduction
in the value of the pinning force. Moreover, the interaction
between grains was observed that is further weakened. So,
the 211 particles grow to a large size and are distributed non-
uniformly, which will result in the weak connectivity of the
superconducting phase [3].

Consequently, using the powder or pellet Y,03 layer
during the fabrication process affects negatively the
resistivity properties of the samples.

3.1.1 Activation Energy

In the Anderson theory, the magnetoresistance caused the
movement of vortices defined as [12]

applied fields p (B, T)=poexp [-U (B, T) /kpT] (1)
Table 1 The values of critical
transition temperature for the 0T IT 2T 3T 4T 5T
Y1 (without Y,03), Y2 (with a
freely poured Y,03 powder) Y1
[9] and Y3 (with a 1-mm-thick Te onset (K) 94.54 94.22 94.17 94.02 93.96 93.80
buffer layer of Y>03) [9] To offset (K) 93.59 91.67 90.64 89.82 88.82 88.91
samples at different applied '
fields AT (K) 0.95 2.55 3.53 4.20 5.14 4.89
Y2
Te,onset (K) 93.77 93.37 93.28 93.10 92.92 92.60
Te offset (K) 91.59 88.66 86.87 85.82 84.66 83.66
AT (K) 2.18 5.11 6.41 7.28 8.26 8.94
Y3
Te,onset (K) 93.45 93.04 91.62 91.41 91.08 90.70
Te offset (K) 92.92 89.74 87.50 85.87 83.62 82.78
AT (K) 0.53 3.30 4.12 5.54 7.46 7.92
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where po is the normal resistivity, U(B, T) is the flux
pinning energy or activation energy for flux creep that
depends on the temperature and magnetic field and kg is
the Boltzmann constant. For the case of classical flux creep
[13], where U >> kT, the activation energy should not
depend on temperature and the resistivity behaves as

p ~exp(=U/kpT) @)

Figure 3 shows such a plot processed for the Y1, Y2 and
Y3 samples. It is seen that the superconducting transition
curve is fairly vertical and sharp at a 0 T magnetic field.
As the applied magnetic field increases, the transition width
expands. With the decline in slope of In p(T) versus 1/T,

n (p/py)

In (p/py)

n (p/py)

L

0.0100 0.0105 0.0110 0.0115 0.0120

1T (K™

Fig. 3 In p/py versus 1/T graphs of the a Y1 (without Y,03), b Y2
(with a freely poured Y03 powder) and ¢ Y3 (with a 1-mm-thick
buffer layer of Y>03) samples (the activation energies of the samples
are determined from the slopes of the linear parts of the low resistivity
region)

@ Springer

the activation energy will decrease. The activation energy
(U) values can be directly deduced from the slope of the
plot of In p(T') versus 1/T in Fig. 4 and are depicted in
Table 2.

The activation energy value of Y1 (without Y,03) is
calculated to be 2.547 eV (maximum value) whereas that
of Y2 (with a freely poured Y,0O3 powder) is found to be
1.334 eV (minimum value) at a 0 T magnetic field. When a
5 T magnetic field is applied to the samples, the activation
energy value is obtained as 0.442 and 0.243 eV for Y1
and Y2, respectively. As seen from Fig. 4, decreasing of
the activation energy depending on the increasing magnetic
field causes vortex motion easily [14]. Moreover, using the
powder or buffer Y,Oj3 layer reduces the activation energy
value. As a result, it can be said that using the Y,Oj3 layer
does not improve the superconducting properties of the
pinning centres.

The activation energy values of the sample Y3 (with a 1-
mm-thick buffer layer of Y,03) are higher than those of the
Y2 sample (with a freely poured Y,0O3 powder). The reason
for this is thought to come from using the buffer Y,Oj3 layer.
A 1-mm-thick Y,0O3 layer for the Y3 sample was prepared,
applying 3 ton/cm?. In this case, during the manufacturing
process of the sample Y3 at the temperature of 1500 °C,
Y,03 contributes less to the 211 peritectic reaction than the
sample Y2. The compressed Y,O3 particles to participate in
the 211 peritectic reaction are more difficult than the powder
Y03 particles. As aresult, Y,Oj3 particles in the layer seem
to decrease the activation energy value.

The activation energies extracted from the resistivity
measurement in applied fields show a power law or
logarithmic dependence on the field.
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Fig.4 The change of the activation energy values (U) of the samples
with the applied magnetic fieldupto 5 T
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Table 2 Activation energy and « values of the Y1 (without Y,03), Y2 (with a freely poured Y,03 powder) and Y3 (with a 1-mm-thick buffer

layer of Y203) samples

Activation energy (eV) o

0T 1T 2T 3T 4T 5T
Y1 2.547 1.040 0.784 0.604 0.518 0.442 0.531
Y2 1.334 0.568 0.400 0.322 0.276 0.243 0.536
Y3 2.255 0.770 0.649 0.421 0.393 0.338 0.526

A In H dependence of the activation energy U (H) is often
observed in superconductors. A universal viewpoint is that
the planar defects are responsible for U (H) o« H~ /2, while
the point defects are responsible for U (H) oc H~! [15]. The
planar defects occur whenever there is a discontinuity in the
structure, for instance the grain boundaries, the interface of
two surfaces, the stacking faults and the twin boundaries.
The point defects occur in the case of pinholes, oxygen
deficiency and small-phase particles [5].

When the data obtained from the measurements are fitted
to (3) in Fig. 5, the « values are found to be 0.531, 0.536
and 0.526 for Y1, Y2 and Y3 samples, respectively. o =~ 0.5
implies that the thermally activated dissipativity is directly
associated with the planar defect pinning mechanism. The
irregular nature of the planar defects is an indication of the
local variations in the Y,BaCuOs [16]. Additionally, we
consider that some Y,O3 particles which do not enter the
peritectic reaction, because of having excess Y2Os particles,
form point defects in the sample.

So, we think that using the powder or buffer Y,O3 layer
increases the planar and point defects and, in addition,
disrupts the crystal structure characteristics.
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Fig. 5 Dependence of activation energy on magnetic field in
logarithmic scale

3.1.2 Irreversibility Line from Magnetoresistivity
Measurements

Vortex dynamics in superconductors give information
about the motion of vortices as influenced by different
factors (interactions, defects, etc.) [17], and the behaviours
of vortex dynamics affected defects, doping, thermal
fluctuations, Lorentz force, magnetic field and temperature.
It is related to important quantities like the IL. The IL in
the H-T plane separates the reversible (or flux flow) and
irreversible (or flux pinned) regions.

IL consists of irreversibility field (Hj) and irreversibility
temperature (Ti). Tirr < T < Tc onset and Hir < H < Hep
are defined as above the IL or reversible region where
the effects of the pinning energy are negligible [18].
Above the IL, the vortices have enough energy and
they can move freely [6] when the pinning force is
dominated by the Lorentz force and thermal effect. Finite
resistance values with the movement of the vortex will
appear. When vortex pinning increases, the energy loss
resulting from the vortex motion is reduced and the critical
current density is increased. At the same time, permanent
magnetisation increases. Due to trapped magnetic flux, the
magnetisation behaviour between T < Ti; and H < Hjy
is defined as below the IL or irreversible region. Below
the IL, the Lorentz force and thermal effect on mobilising
vortex movement is dominated by the pinning force.
T > T¢onset O H > Hc is defined to be normal state.
If T > Tconset O H > Hc, the superconductor will
no longer show superconducting properties because of
the extreme mobility vortex and interaction with each
other.

The (GFC) model was proposed by Yeshurun and
Malozemoff [19], and the proposed model was based on
the flux creep model by Anderson and Kim [20]. The
GFC phenomenon was observed in HTS, particularly in
the yttrium-based materials, because of the relatively low
pinning energies and the higher critical temperatures. The
GFC apparently affects the flux dynamics, which relates
to both flux pinning and thermal activation, and influences
the properties of HTS [21]. According to the GFC model,
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owing to the Lorentz force, the vortex begins to interact
forming a triangular vortex lattice leading to dissipation and
thermal fluctuations in the matrix. The thermal fluctuations
are enhanced further due to larger anisotropy and crystal
imperfection such as local defects, dislocations, twins and
stacking faults. The Lorentz forces induce a flux motion by
energy dissipation [22].

Fisher [23], considering lattice defects in the high-T;
oxide superconductor, suggested a vortex glass or vortex
solid model. The vortex glass model is used to signify
the destruction of long-range translational order in the
Abrikosov lattice due to flux pinning by the underlying
disorder in the superconducting material. The IL is shown
to be a sharp boundary across a thermodynamic phase
transition between the disordered vortex solid (or vortex
glass) and the vortex liquid where thermally activated
flux flow is possible [24]. In the mixed state of type
IT superconductors, if a superconductor has no impurities
and lattice defects, vortices form properly sequenced like
Abrikosov lattice. If the superconductor has impurities and
lattice regions, these regions will attract vortices. Due to
the fact that these regions are in place in random structure,
they will cause the formation of crystals by disrupting
the regular vortex lattice. It will cause the vortex glass
lattice. At low temperature, the vortex has minimal energy.
Besides, the repulsive interaction between vortices and
pinning centres causes us to ignore the thermal fluctuations.
When temperature begins to increase, vortices will gain
heat energy and start to vibrate around their equilibrium
position. So, the thermal fluctuation will become dominant.
When temperature reaches a sufficient level (T = Tiy),
vortex glass lattice that is disordered will melt. As a
result, vortex liquid lattice will occur. IL gives information
about a phase of vortices. This phase transition temperature
(Tyr) and linear and non-linear resistance value will
occur.

The Hiy and H,; are estimated from the resistivity versus
the applied magnetic field curves. As it well known from the
literature [25], at various magnetic fields, the Hj, and H¢
are defined as the fields where the temperature-dependent
resistance is

P (Hirr, T) = 0.1 Pn 4)

p (Hea, T) = 0.9 pp )

where p, indicates the normal-state resistance of the
samples at T¢ onser. Finding Hi—T (Tirr) and Heo—T from (4)
and (5) was drawn in the field—temperature plane.

The irreversibility line is drawn using (6) [26]

Tirr(H)>n

Tire (0) ©

Hir = Hy (1 -

@ Springer

T+(0) is the irreversibility temperature at zero applied field.
Ty (H) is the irreversibility field at different applied fields.
The fitting parameters Hp and n are calculated according to
the equation y = ax”. According to the Hy and n found,
new Hj, values are obtained. Looking at these values, a
fitting curve is drawn using (6).

It has values between 1.5 and 5.5 and is related to
the degree of anisotropy in the system [27] for samples
fabricated using a seed crystal. In the case of YBCO, for
n =~ 1.5, IL is dominated by the GFC and vortex glass
models [19, 23].

Figure 6 shows the vortex glass, the irreversibility line,
the reversible region (or vortex liquid) and normal state
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Fig.6 Hi;, Hc, irreversibility line, reversible region, vortex glass,
vortex liquid and normal state from magnetoresistivity measurements
for the a Y1 (without Y,03), b Y2 (with a freely poured Y,O3 powder)
and ¢ Y3 (with a 1-mm-thick buffer layer of Y,03) samples
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Table 3 Hjy, He; and T values from magnetoresistivity measurement for the Y1 (without Y,03), Y2 (with a freely poured Y,03 powder) and

Y3 (with a 1-mm-thick buffer layer of Y203) samples

0T 1T 2T 3T 4T 5T

Y1

T (K), po Hyrr (T) 93.65 92.12 91.32 90.45 89.80 89.30
T (K), noHeo (T) 94.23 93.91 93.35 93.40 93.34 93.16
Y2

T (K), po Hyrr (T) 90.26 89.92 88.52 87.41 86.58 85.53
T (K), noHeo (T) 93.35 92.74 92.45 92.15 91.97 91.43
Y3

T (K), po Hyrr (T) 92.91 90.12 88.25 86.61 85.44 84.17
T (K), noHeo (T) 93.45 92.20 90.66 90.43 89.90 89.14

from magnetoresistivity measured for the Y1, Y2 and Y3
samples, and the temperatures for the Hj and H,, are listed
in Table 3.

The wider reversible region is not suitable for supercon-
ducting applications. Because of the vortex mobility and
the transition from superconducting state to normal state,
resistance will occur. In Fig. 6, the reversible region of the
Y1 sample (without Y,03) is narrower than the reversible
region of Y2 and Y3 samples.

In Y2 and Y3 samples, Y,O3 particles from the layer do
not act like the flux pinning centres. Therefore, it is seen that
the reversible region expands even more. It does not show
a homogeneous distribution of Y,Os3 particles which cause
planar defects in structure. In some areas, more intensive
distribution and the thermal effect from this distribution are
thought to be dominant and this dominance will lead to a
decrease of the pinning force.

When n parameters are evaluated for all samples
(Table 4), as a result, the Y1 (without Y,03) and Y3 (with
a l-mm-thick buffer layer of Y,03) [20] samples seem
to exhibit behaviour by GFC and vortex glass models. In
addition to having the same n exponential parameters and
due to having narrower reversible region, it is seen that the
Y1 sample has better properties.

Table 4 Power law exponent (n) and the parameter Hy and Tj values
from fitting of the Y1 (without Y,03), Y2 (with a freely poured Y,03
powder) and Y3 (with a 1-mm-thick buffer layer of Y,03) samples to
the flux creep power law generated from the data given in Fig. 6

o Ho(T) n T (K)
Y1 458.57 1.46 £0.09 93.65
Y2 54.15 0.82 £0.26 90.26
Y3 157.01 1.46 +0.06 92.82

4 Conclusion
In the magnetoresistivity measurements,

1. Using the Y03 layer after the fabrication process
affects negatively the resistivity properties of the
samples.

2. Using the powder or pellet Y,O3 layer seems to
decrease the activation energy value. o =~ 0.5 can be
attributed to planar defects. Furthermore, due to excess
Y, 03 particles, point defects can be seen in the sample.
When both defects are considered, it is seen that the
planar defects are more dominant than the point defects.

3. According to n & 1.5 parameter, the Y1 (without Y,03)
and Y3 (with a 1-mm-thick buffer layer of Y,0O3)
samples exhibit behaviour by GFC and vortex glass
model.

The effect of using different Y,O3 layers was investigated,
and it was seen that the Y,O3 layer was not served as
flux pinning centres and disrupted the superconductivity at
1050 °C.
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