Journal of Low Temperature Physics (2020) 198:70-89
https://doi.org/10.1007/510909-019-02244-0

®

Check for
updates

Irreversibility Line and Enhancement of Magnetic Flux
Pinning in Sm-Doped Y123 Superconductor with CuO
Nanoparticles

Raheleh Hajilou'® - Hassan Sedghi Gamchi'

Received: 13 August 2019 / Accepted: 15 October 2019 / Published online: 1 November 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Y,_.SmBa,Cu;0,_, (x=0.00, 0.01, 0.02 and 0.05 wt.%) samples with Nano-CuO
have been prepared by the solid-state reaction method. The effects of Sm doped in
the YBCO system with Nano-CuO (40 nm) on structural, critical temperature (7,),
irreversibility line (IL), critical current density, J- and flux line pinning force are
investigated. We also measured magnetization as a function of temperature (M-T)
and magnetic loops (M—H) at constant temperatures of 10, 20, 30, 40, 50 and 60 K
up to 10 kG. XRD measurements show that all the sintered samples have orthorhom-
bic structure. The sample with x=0.01 wt.% Sm substituted for Y on YBCO super-
conductor improves the critical temperature more than that of the pure Y123 and the
other samples. For this sample, the zero field-cooled and field-cooled magnetization
as a function of temperature measurements reveals the shift of IL to higher tempera-
tures and magnetic fields. The critical current density and flux pinning force calcu-
lated using the Bean’s critical state model indicate an enhancement of J, and F, for
the Sm-doped x=0.01 sample compared with the sample with x=0.02 and even the
pure Y123.

Keywords High-7,, superconductors - Scanning electron microscopy - X-ray
scattering - Irreversibility line - Critical current density

1 Introduction

One of the interesting features of the High-7, superconductors is the existence of
an irreversibility line (IL) in the H-T plane which separates the region at lower
temperatures, where the magnetic response of the vortex lattice is irreversible,
from the high-temperature region, where the magnetization is reversible. This
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behavior was observed for the first time in 1987 by Miiller et al. [1] in ceramic
LaBaCuO. Using zero field-cooled (ZFC) and field-cooled (FC) dc magnetiza-
tion measurements in a constant field, they showed that the two curves coincided
in the region between T, and a certain lower temperature 7. This behavior has
already been observed in polycrystalline samples [2, 3], single crystals [4] and
thin films [5] of the Y-based superconductor as well as in the other high-T, oxides
such as the Bi-based [6, 7], Tl-based [8, 9] and even conventional superconduc-
tors [10, 11]. Considering the effects of the pinning forces and thermal fluctua-
tions on the movement or deformation of the vortex lattice system in HTSC’s
which under particular conditions can involve flux creep, flux flow, thermally
activated flux flow, flux lattice melting or vortex glass melting regime, many dif-
ferent techniques have been developed to define and measure the irreversibility
line (IL). These methods are generally based on the magnetic, electrical, opti-
cal and mechanical properties of these materials. The most commonly used tech-
niques to measure the IL or the so-called depinning line are as follows:

1. The broadening of the resistive transition p (T, H) curves in a magnetic field: In
this method, the intersection point of the two zero field-cooled (ZFC) and field-
cooled (FC) resistivity p (T) curves in a constant applied dc magnetic field, H is
defined as an irreversibility temperature T;,. (H). A noteworthy point regarding
these two curves is that at temperatures lower than T, the ZFC curve shows a
larger resistance than the FC curves and therefore moves to lower temperatures
[12].

2. From the voltage—current (I-V) curves, the temperature 7, (H) at which the -V
curves changes from the positive curvature at high temperatures to the negative
curvature at low temperatures has been defined as the 7}, [13].

3. The field-cooled and zero field-cooled magnetization in a constant field, H deter-
mines the intersection temperature of these two curves as T}, below which mag-
netization is irreversible and above which it is reversible up to the normal state
[2, 14].

4. The isothermal dc magnetization is also used to measure the IL. As the width of
the hysteresis AM (H) is negligible near H, (T) in HTSC’s and that the magneti-
zation curve in that region gives an equilibrium response, this method has been
used to determine H;,, (7) values [15].

5. The complex ac susceptibility has been widely used to measure IL, in HTSC’s
where the position of the inter-granular loss peak of the out-of-phase y” (T) com-
ponent, either as a function of a static field with Hy,» H,_ at a constant dynamic
field or in Hy, =0 at various ac field amplitudes, is defined as the IL [16-18].

6. The existence of a reversible magnetization response close to T, (H) should give
rise to a paramagnetic signal when the real part of the ac susceptibility is meas-
ured in a constant static field. This phenomenon, which is referred to as the
differential paramagnetic effect (DPE), is used as a technique to measure the
IL in High-T, superconductor [19, 20]. In order to monitor the IL, several other
procedures have also been introduced.

@ Springer



72 Journal of Low Temperature Physics (2020) 198:70-89

7. AC screening efficiency is another method which is frequently used to measure
the IL in High-T, materials [21, 22]. In this method, the sample is located between
the driving and detection coils and the measured mutual inductance, with an ac
field as a function of temperature under a static magnetic field that can be shown
as a complex transmittivity t=T7" +iT" =M — M,) (M,, — M), where M, and M,
are the mutual inductances in the superconducting and normal states, respectively.
The divergent point at T, (H) of the two ZFC and FC curves, which indeed sepa-
rates the irreversible and reversible regions, is defined as the IL. This line was
initially interpreted by Hebard et al. [23] as the ‘pair breaking line.’

Many efforts have been devolved to study the IL and the effect of different pin-
ning centers on the remarkable flux pinning—depinning phenomenon. Motivated by
the conflicting results reported in the literature for the effect of the introduction of
defects on the IL, we have investigated superconducting properties and the IL for the
Sm-substituted Y,_,Sm Ba,Cu;0,_, composites with x=0.0, 0.01, 0.02 and 0.05.

2 Experimental Details

The samples under study were prepared using the well-known and documented
solid-state reaction technique. High-purity powders of Y,05 (99.9%, Merck), Sm,0;
(99.9%, Merck), BaCO; (99.9%, Merck) and Nano-copper oxide (CuO 99% APS:
40 nm) were weighted in the appropriate amounts to give nominal composition of
Y,_.Sm Ba,Cu;0,_; with x=0.00, 0.01, 0.02 and 0.05. The appropriate amount
of the powders was ground thoroughly by hand using an agate mortar and pestle
for 45 min. The thoroughly mixed powders were then pelletized by pressing into a
30-mm-diameter steel die (carver 4387. 4SDOB00) under 50 MPa pressure. The pel-
lets were then quickly loaded onto an alumina tile and placed into a furnace where
they were subjected to a heat treatment. The samples in the furnace were heated to
720 °C at the rate of 120 °C/h and were heated at 720 °C for 12 h followed by heat-
ing to 930 °C at the rate of 120 °C/h and were annealed at 930 °C for 12 h. Finally,
the samples were furnace cooled to room temperature. After this first sintering pro-
cess, all the samples had a dark color. In this sintering process, none of the products
were of good quality samples. They could be easily separated into several layers.
Therefore, in order to make quality and fully oxygenated samples, the sintering pro-
cess was repeated. In the second cycle of the heating process, the samples were re-
ground and pressed into pellets with a 30-mm diameter and with an approximate
thickness of 2.2 mm under 90 MPa pressure. Pellets were then placed into a furnace
and heated 930 °C at the rate of 90 °C/h. They were left to react at this temperature
for 24 h. Finally, the temperature was decreased to 720 °C at a rate of 20 °C/h and
then cooled to room temperature in flowing oxygen with a cooling rate of 10 °C/h.
Low cooling rate in flowing oxygen was used in order to improve oxygen uptake in
the samples. Unlike the first processing cycle, the products of the second cycle were
uniform and almost without any cracks. X-ray diffraction measurements were taken
in the range of 20 =5°-60° with CuK, radiation source (1= 1.5406 A). Using x-pert
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pro Philips analytical diffractometer, the XRD results were used in the powder dif-
fraction programmer in order to determine a, b, c lattice parameters of the samples.
The grain morphology of the surface of the samples was analyzed by scanning elec-
tron microscopy (SEM). Electrical resistivity measurements were taken as a func-
tion of temperature for the bar-shaped samples by using the standard four-point
probe method with an ac lock-in technique over the temperature range of 20 K to
100 K. A constant current of 4 mA was introduced between the contacts prepared by
using the silver paste. DC magnetization measurements both temperature depend-
ence, M-T, and isothermal hysteresis loops, M-H curves, were performed using
cryogenic design physical properties measurement system (ppms) model 3045, up to
60 kG using the so-called vsm option. The critical current density, J,, was calculated
using the Bean model for pure and Sm-doped x=0.01 samples at 10-60 K up to
60 kG applied magnetic field. The pinning force, F),, depending on applied magnetic
field and temperature was calculated from isothermal M—H measurements.

3 Result and Discussions
3.1 XRD Results

An X-ray diffraction study of the high-7, superconductors provides information
about:

1. The lattice parameters of the system,
The crystal structure of the material,

3. Determination of the impurities in the system and identification of the other crys-
talline phases in the structure of a desired system, and the oxygen contents of the
material, which, in turn, controls the superconducting properties of the system.

X-ray diffraction patterns (XRD) at room temperature for our pure and Sm-sub-
stituted Y,_, Sm Ba,Cu;0,_, samples are illustrated in Fig. 1. It can be seen from
the XRD patterns of the pure Y ,; and the alloyed samples that all the high-inten-
sity peaks in the XRD patterns are assigned to Y123 phase, indicating that the
orthorhombic superconducting phase of YBCO compound has not been affected
by Sm-doped atoms. There are also a few low-intensity peaks which belong to the
unheated materials and green insulating phase (Y,,;), which is commonly one of
the impurities between the Y ,; grains. The crystal symmetry of the samples was
determined as orthorhombic. The oxygen content of the samples was determined
by the Wolf’s method, 7—-6=76.4-5.95 C (A) using the numerical relationship
between 6 and the c-axis lattice parameter of the sample [24]. It is well known
that both the a and b lattice parameters in YBCO system have a nonlinear rela-
tionship in the orthorhombic phase, while the c-axis lattice parameter and unit
cell volume show a generally linear behavior as a function of oxygen content. The
higher the oxygen content of sample, the lower the c-axis lattice parameter [25].
The calculated unit cell parameters of the pure and the Sm-substituted samples,
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Fig.1 a and b XRD patterns of Y,_, Sm, Ba,Cu;0,__ samples with x=0.0, 0.01, 0.02 and 0.05 (Color
figure online)

orthorhombic strains, A=(b—a)/(b+a) and transition temperature of the sam-
ples are listed in Table 1. A quick glance at the table shows that despite very
little changes in ‘a,” ‘b’ and ‘c’ lattice parameters, the unit cell parameters of the
alloyed samples are very close to the Y ,; sample, and a small decrease in c-axis
length shows a slight increase in the oxygen content in the sample with x=0.01.
The decrease in c-axis parameter is probably related to the difference in the (007)
reflection in XRD patterns of this sample. The difference in the unit cell param-
eters can be due to occupation of the Sm ions to interstitial sites [26].
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Table 1 Characteristic temperatures, lattice parameters and orthorombicity parameters for all the
Y,_,SmBa,Cu;0,_; samples

Smcontent T, onset T., AT, a b c A=((b-a)/(b+a) O-content
xwt%) (K ® ® A& &A@ A

0.0 90.5 85 55 3.82 3.88 11.68 0.007792 6.90

0.01 93.7 889 4.8  3.8069 3.8895 11.666  0.009973 6.98

0.02 88.9 83.1 5.7  3.8207 3.8863 11.7059 0.008512 6.915
0.05 86.7 78.6 8.1  3.8263 3.8813 11.7113 0.007136 6.848

3.2 SEM Measurements

Since the discovery of High-T superconductors, microstructural studies of the mate-
rials have played a crucial role in the understanding of these materials. Especially,
the investigation of grain boundaries and second phases in the copper oxide super-
conductors has been carried out successfully by using high-resolution scanning elec-
tron microscopy (SEM). Typical electron micrographs of the Y,_ . Sm Ba,Cu;0,_,
composites are shown in Fig. 2. It is well known that in high-T, superconductors, the
formation and size of the superconducting grains and deliberately introduced impu-
rities play an important role in electrical conductivity and magnetic properties of the
system both in the normal and superconducting states [27]. The light areas in SEM
micrographs indicate the superconducting metallic regions, while the dark areas cor-
respond to the inter-granular material. It was found that the two samples (x=0.01,
0.02) have a uniform appearance with less porosity and larger grain size, crystalliza-
tion and better inter-granular bonding. As it can be seen from the figures, the grains
in the pure Y123 sample are almost circular with small grain size, while in the com-
posite samples obviously in Sm-doped x=0.01 sample rod-like elongated grains
have been found. In this sample compared to the pure Y123 and other Sm-doped
samples, grain boundary area is dropped, which is responsible for the high transport
critical current density and flux pinning force in the YBCO superconductor. Clearly,
it is obvious from the figures that existence of Sm in fractions does not react with
YBCO to form a new phase or structure as was observed in XRD patterns. With an
increase in Sm in the dopant samples, grain size and inter-granular interactions have
decreased, and the porosity of the samples starts to increase.

3.3 Electrical Resistivity

For measurement of electrical resistivity as a function of temperature (p—7T), bar-
shaped specimens were cut from each sintered pellet of the composite samples.
The dimensions of the samples were typically 4 x 1.5x 6 mm?®. Electrical resis-
tivity was measured using the standard four-point probe method with an ac lock-
in technique over the temperature range of 20 K to 100 K. Figure 3 a, b shows
the resistivity as a function of temperature along with its temperature deriva-
tive for the Y,;_ Sm Ba,Cu;0,_, samples. From Fig. 3a, it can be seen that the
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Fig.2 SEM microphotographs of the Y, ,Sm,Ba,Cu;0,_, with x=0.0, 0.01, 0.02 and 0.05

resistivity decreases almost linearly at normal state, showing a clear metallic
behavior for all the samples. The normal state resistivity starts to increase with
further Sm content samples. Figure 3b shows that the superconductivity state of
all the samples shows a single-step drop to the transition temperature, except for
x=0.05 wt % sample which shows a two-step drop to T, which is clear in the
appearance of two humps in the temperature derivative plot of the sample. How-
ever, the other measured samples show a single-step drop to the superconduct-
ing state which is clear in Fig. 3b. These figures show that the superconduct-
ing transition temperature is sensitive to the concentration of Sm. This behavior
has been observed by other research groups [28]. The dissipation width, AT,
for the Sm content samples shows a broadened resistive transition to a fully
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Fig.3 a(p — 7) curves and b its temperature derivative of the Y,;_ .Sm Ba,Cu;0,_, with x=0, 0.01, 0.02
and 0.05 (Color figure online)

superconducting state, showing the increase in the weak link between supercon-
ducting grains. It is clear from Fig. 3a that the sample with x=0.01 wt.% Sm
content shows a transition temperature higher than all the other samples even the
pure Y ,3. These results show there is a critical concentration of Sm to improve
the superconductivity in Sm-substituted samples.
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3.4 Magnetic Properties

Since the sample with x=0.01 wt.% Sm content shows a higher 7, than the pure
and the other alloyed samples, in order to gain more information concerning the
critical parameters of this sample, we especially concentrated on the positive effect
of partially Sm-doped sample with x=0.01 and compared with the pure Y,,; and
x=0.02 samples. Figure 4a—c shows a typical data set of the temperature depend-
ence of the magnetic moment (M-T) curves measured under zero field-cooled (ZFC)
and field-cooled (FC) modes in magnetic fields of (a) H=10 kG and (b) H=60 kG

(a) 0.0

M (emu)
<)
w
|

1 zFc (k)

T(k)

(b) o.oo__ -

M (emu)

] O e e e 70 75 80
ZFC
0 20 40 60 80 100
T(k)

Fig. 4 Plot of ZFC and FC magnetization curves a for H=10kG and b H=60 kG showing the irrevers-
ibility limit 7}, (H) for the Sm dopant x=0.01 sample. Insets show irreversibility temperature range in
the enlarged scale (Color figure online)
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for the sample of x=0.01. In the zero field-cooled process, the sample was first
cooled in zero field from 100 K which is above the transition temperature, T, to the
lowest desired temperature, 10 K. Then, applied dc magnetic field was selected and
the magnetic response of the sample was recorded on warming the sample. In the
FC process, the sample was cooled down from 100 K in the presence of the desired
magnetic field and then warming in the same field while data were being recorded.
The data from the magnetic response of the sample were plotted as a function of
temperature. The point where the FC and ZFC curves merge together denotes the
irreversibility temperature T;,,. This measurement was repeated for various fields to
determine the IL. The insets show the temperature range which includes T, (H). As
is clear in Fig. 4a, b compared with the field-cooled magnetic response, Mg, the
zero field-cooled magnetization, My, values are higher. At first glance, this result
appears unusual because the FC curve corresponds to the case that there should be
flux trapped in the sample and is expected to show high magnetic response than
the ZFC data. However, in the superconducting glass picture [29], when the super-
conductor clusters are cooled slowly in a fixed dc field, the resulting configuration
will be in equilibrium because the slow cooling allows the clusters to be annealed at
relatively high temperatures. However, by cooling in zero field and turning on the
field at a fixed low temperature, the clusters will be in a non-equilibrium state which
gives rise to a metastable magnetization for the ZFC curves. In this process, the
clusters have no time to equilibrate as the field is turned on. In Fig. 5a, b, we display
typical data set of the temperature dependence of the magnetic moment (M-T) for
the pure Y123 sample (a) at 10 kG and (b) 60 kG. As is clear from this figure, the
T, for a desired magnetic field always is lower than that of the Sm-doped x=0.01
sample. These results clearly show that the small quantity of the Sm (x=0.01) not
only does not negatively affect the critical properties of the Y123 system, but also
acts as the pinning centers and increases the flux pinning behavior. The positive flux
pinning effects of Se- and Eu-doped Y123 system also are shown by other research
groups [30, 31]. Figure 6a, b shows typical data of (M-T) measurements for the Sm-
doped x=0.02 sample. Because the solubility limits of Sm in YBCO are x=0.01,
unlike the x=0.01 sample at both measuring fields T;,, moved to lower temperatures
which shows that increasing the Sm dopant in YBCO system higher than a certain
volume fraction decreases the electric and magnetic behavior of the composites as
also can be seen in p—T curves. The T}, position for all the measured samples moves
to lower temperatures as the measured magnetic field is increased. The results of T},
(H) measurements as a function of applied magnetic field up to 60 kG are plotted in
Fig. 6 for the Sm-doped x=0.01, 0.02 and pure Y ,; samples. As is shown in this
figure, there exists a remarkable large temperature range in which flux-line motion
is reversible. The onset of reversible motion of flux lines interpreted by different
groups is due to melting of a crystalline flux lattice [32] or of the glass-to-liquid
phase transition [33], or simply is due to the enhanced rate of thermally activated
flux motion [34]. As is evident from Fig. 7, the T,, (H) data for all the samples
show a nonliner behavior with an almost down curvature in the H-T plane, which is
characteristic of the demarcation between reversible and irreversible magnetization
behaviors of HTSC’s. In order to examine the scaling behavior of the T, with mag-

ur
netic field in the measured samples, by taking into account the observed universal
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Fig.5 Plot of ZFC and FC magnetization curves a for H=10 kG and b H=60 kG showing the irrevers-
ibility limit 7;,. (H) for the pure Y123 sample. Insets demonstrate: irreversibility temperature range in the
enlarged scale (Color figure online)

scaling of the reduced irreversibility temperature t=(7},/T,) with the applied mag-
netic field strength, H=a (1—-f)?, we have replotted the data from Fig. 7, as Ln (H)
versus Ln (1 — ), which is shown in Fig. 8. As can be seen from this figure, the irre-
versibility temperature, (1-7;.,/T,) as a function of applied magnetic fields for all the
samples, is a straight line. The irreversibility line obtained for the Sm-doped x=0.01
sample is located at higher temperatures and magnetic fields than that of the x=0.02
and pure Y ,; samples. Within experimental accuracy, the values of the exponent q
are 1.51 for the Sm-doped x=0.01 and 1.61, for the pure Y,; and x=0.02 samples.
The pre-exponential parameter ‘“ a ‘* obtained for all the samples is to be 0.97. The

@ Springer



Journal of Low Temperature Physics (2020) 198:70-89 81

(a) 0.00
FC

-0.05 -
B=10KG
Sm x=0.02
-0.10

-0.15 o 0-001 Tirr ~81.4

M (emu)

-0.20 —

M (emu)

-0.05
-0.25

ZFC
20.30 4 60 65 70 75 80

0 20 40 60 80 100

(b) 0.00
-0.02
-0.04
-0.06
-0.08
-0.10
-0.12
-0.14
-0.16
-0.18
-0.20
-0.22
-0.24

FC

B=60KG
Sm x=0.02

Tirr-68.4K

. -0.015

M (emu)

— -0.020 -yas
=

-0.025
60 70

20 40 60 80 100

o

Fig. 6 Plot of ZFC and FC magnetization curves a for H=10 kG and b H=60 kG showing the irrevers-
ibility limit 7; (H) for the Sm dopant x=0.02 sample. Insets demonstrate: irreversibility temperature
range in the enlarged scale (Color figure online)

form of the IL, as described by the power law relationship with g=1.5, has been
considered theoretically in terms of a number of models. Such a law is similar to the
Almeida—Thouless in spin glasses [35]. This behavior has also been predicted by
models involving flux pinning and flux flow [36].

We also measured the isothermal magnetic hysteresis, M—H loops for the pure Y123
and the Sm-doped x=0.01, 0.02 samples. The results of this measurement at different
constant temperatures 10 K, 20 K, 30 K, 40 K, 50 K and 60 K up to 10 kG are shown in
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Fig.8 Ln (1 — T, /T, (0)) versus Ln (H), for a pure Y,,3, Sm-doped x=0.01 and 0.02 samples. The best-
fit straight lines have almost the same slope for both samples (Color figure online)

Fig. 9a—c. It is clear from these figures that with an increase in measuring temperature
the hysteresis loops show narrow shapes. This behavior is clearly shown in Fig. 9. The
higher the pinning strength, the bigger the critical current, and hence, the wider the
hysteresis loops. It is well known that the width and behavior of this hysteresis loop
are characteristics of the bulk critical current density in HTSC’s and its dependence
on the magnetic flux density [37]. The wider the hysteresis loop is, the higher the bulk
critical current density will be. The critical current density for rectangular sample was
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Fig. 9 Isothermal magnetization versus field curves (M-H loop) at 10 K, 20 K, 30 K, 40 K, 50 K and
60 K for the a the pure Y123, b the Sm x=0.01 and ¢ x=0.02 samples (Color figure online)

calculated by using the Bean’s critical state model [38] for polycrystalline supercon-
ductors given by:

AM

JCZZOMT W
(1-5)

@ Springer



84

Journal of Low Temperature Physics (2020) 198:70-89

(a) 2
T Y123 = 10K
21", . LGk
o> 0%,° "g‘ ., > 40K
= s i
%, !--.___* * 60K
. '\....' -q.,__‘..
) ot e,
& . ",
:( 1 .-"""“—-»..‘__\_ '-...
2 et
=
1 <
g «51:.:"‘4«..‘««%
o g e
"'-..-F"""""‘
O T T T T
0 2 4 6 8
H (kG)

(b)

J,(10°A ] Cm?)

e

aay, 4
ady

Adaa,
*e T VOVVIPIA

*
*.

> *,

’>>>»>ﬁttﬁ;§a;;;>>>k»..

A ek e ok

o

4

2

H (kG)

Sm x=0.02

10K
20K

Fig. 10 Plot of J, as a function of magnetic field for a the pure Y123, b the Sm-doped x=0.01 and ¢

x=0.02 samples (Color figure online)

@ Springer

H (kG)




Journal of Low Temperature Physics (2020) 198:70-89 85

where AM=M" — M~ is the width of magnetization hysteresis, and a and b (a<b)
are the dimensions of the sample. The applied magnetic field dependence of J-
(H), at 10 K, 20 K, 30 K, 40 K, 50 K and 60 K for the samples with x=0.00, 0.01
and 0.02, is presented in Fig. 10. The maximum J. value was determined to be
2.28%10° A/em? at 10 K for the applied magnetic field of 1 kG for the Sm-doped
x=0.01 sample, whereas the maximum J, value is 1.8 X 10° A/cm? at 10 K for the
same applied magnetic field for the pure Y123 sample. It is clear from Fig. 10 that
the J values decrease with an increase in the applied magnetic field and increase
the constant measuring temperature for all samples. As explained in (M-T) meas-
urement, Sm-doped sample with x=0.01 enhanced the pinning of the flux lines and
hereby results in an enhancement of J_.

We have calculated the magnetic field dependence of the pinning force F,,=J X B
for the pristine Y3 and the Sm-doped x=0.01, 0.02 samples. The variation in F, as
a function of the applied magnetic field at 10 K, 20 K, 30 K, 40 K, 50 K and 60 K
is shown in Fig. 11a—c. This figure clearly shows that the pinning force increases
with applied magnetic field at all measuring temperatures for the measured sam-
ples. The comparison of the figures (a) for the pure Y,,; and (b) for the Sm-doped
x=0.01 samples shows that the values of the pinning force in partial doping Y ,;
with Sm: x=0.01 are considerably higher than that of the pristine sample over the
entire range of the applied magnetic field at each desired measuring temperature. In
the case of a measuring temperature at 10 K for the 9 kG magnetic field, the pinning
force shows nearly 1.2-fold increase with respect to the pure sample. These values of
F,, are significantly higher than the values found in YBCO:Se composites fabricated
at different temperatures under oxygen atmosphere [31]. It is well known that when
the Lorentz force acting on the fluxoids exceeds the pinning energy, F,, of the flux
line lattice, the fluxoids begin to move across the sample and the material goes to
the resistive state. As we have seen in Sect. 3.3, Sm-doped x=0.01 sample shows a
higher transition temperature and critical current density than that of the pure Y ,;
sample. The Sm atoms in Y,,; system, apart from improving the grain boundary,
may act as artificial pinning centers which itself results in the enhancement of J, and
dominance of the pinning force over the Lorentz force even at high magnetic fields.
Some other research groups [39—41] found a similar behavior in Y ,; system and
reported that partial doping of the Y3 in the Y ,; with Cu*? increases grain bound-
ary J, which itself causes an increase in pinning force.

4 Conclusion

We have investigated the effects of Sm-substituted Y,_ Sm Ba,Cu;0,_, composites
on the electrical and magnetic properties of YBCO high-temperature superconduc-
tor. Through XRD and SEM analysis, we found that the structure of all the sam-
ples has the Y123 orthorhombic phase. The results of p (T) measurements showed
that Sm with x=0.01 wt.% has acted in an effective manner and increased the criti-
cal temperature. It also showed that the normal resistivity of the Sm-doped YBCO
compound samples was increased. Besides, desired value of Sm-substituted YBCO
sample with x=0.01 wt.% displays lower resistivity in the normal state and higher
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J. and pinning force, F), values. So an enhancement can be beneficial in 7, and J,
of Sm-substituted YBCO compounds for the practical applications of these high-
temperature superconducting materials.
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