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Abstract The magnetovoltage measurements (V—H curves)
with different sweeping rates (d H/dt) of the external mag-
netic field in Ag-added polycrystalline YBa;CuzO7_, sam-
ple (YBCO/Ag) were investigated. The measurements of
V—H curves were carried out as functions of the transport
current (/) and temperature (7). Upon cycling H, all V-H
curves measured for different values of I exhibit a clockwise
hysteresis effects in forward region. The hysteresis effects
in the V—H curve were interpreted in terms of two-level
magnetic system, which considers the superposition of the
external magnetic field and the local magnetic fields in the
intergrain boundaries induced by magnetic dipole moment
of neighbor superconducting grains. The analysis of mag-
netovoltage data showed that the flux trapping in the junc-
tion network has a negligible effect on the evolution of the
V—H curves and the irreversibilities arise mainly from the
flux trapping inside the grains. It is shown that the width of
V—H curves shows a universal scaling behavior with respect
to the applied current below the critical temperature 7,. The
comparison of V—H curves of the YBCO/Ag sample with
those of YBCO shows that adding Ag to the superconduct-
ing structure weakens the pinning properties of Josephson
medium and provokes the instabilities in measured dissi-
pation. The presence of Ag in the superconducting matrix
causes marked decrease in hysteresis effects and makes the
V—H curves dH /dt dependent. At high values of d H/dt¢,
the instabilities and plateau regions in V—H curves increase
significantly as compared to those of observed in YBCO.
In addition, the interrelation between the evolution of V—-H
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curves obtained for different values of / and the critical cur-
rent /. was demonstrated experimentally.

Keywords Cuprate superconductors - Flux pinning -
Magnetoresistance - Time effects

1 Introduction

Systematic experimental studies have been made to under-
stand the physical mechanisms responsible for the hysteresis
effects in the magnetoresistance of superconducting materi-
als [1-11]. The hysteretic effects in magnetoresistance mea-
surements appear mostly in the clockwise direction as the
external magnetic field is swept up and down [2—4, 7-11].
Generally, the low- and high-field strong irreversibilities ob-
served in polycrystalline HTSCs samples are interpreted in
terms of flux trapping developing in both intergranular and
intragranular regions [2—4, 7-11]. Ji et al. [3] proposed an
analytical model, so-called two-level critical state model, by
calculating the macroscopic and local fields for ordered and
disordered polycrystalline HTSC samples. In this model, it
was assumed that the flux dynamics is maintained by per-
colative paths through the grains. The model explains the
microwave losses in granular materials and also describes
the magnetic hysteresis effects. Furthermore, a model for
high-field magnetoresistance of granular samples was devel-
oped by Beloborodov et al. [12], which gives a reasonable
agreement with the experimental results concerning the neg-
ative magnetoresistance observed in granular superconduct-
ing Al sample [13]. Recently, Palau et al. [6] showed that the
irreversibility effects arise from the return field from grains
into the grain boundaries. Balaev et al. [9] reported that the
broadening of the resistive transition of polycrystalline com-
posite samples of Y{BayCuzO7_, +CuO and its magnetore-
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sistance measured at very low magnetic fields could be ex-
plained well by the Ambegoakar—Halperin model [14]. Zuo
et al. [5] considered a similar model to explain the resis-
tive transition and magnetoresistance effect observed in an
organic superconductor (k-(BEDT-TTF), Cu[N(CN);]Br).

We note that the transport critical current density J.
of polycrystalline high 7,-superconductors has been found
strongly hysteretic at low applied magnetic fields [1, 15—
17]. The intragranular flux-trapping model was developed
to calculate J.(H) and fit the experimental J.—H data in
both Y;Ba;Cu307_, (YBCO) and (Bi—Pb)-Sr—Ca—Cu-O
(BSCCO) ceramic superconductors [15—17]. However, these
models have disregarded the magnetization of the intragran-
ular medium. In those studies, it was assumed that the su-
perconducting grains are embedded in nonsuperconducting
host, without any intergranular shielding effects. Mahel and
Pivarc [4] used the two-level magnetic system model [3]
to explain the hysteresis effects in magneto-resistance mea-
surements of HTSCs under low magnetic fields in transport
and magnetic measurements at different temperatures. Chen
and Qian reported irreversible behavior of the critical current
density J.(H) and magnetovoltage V (H) of YBay;CuzO7_,
at low magnetic fields (H < 50 mT) [1]. The hysteresis ef-
fects in those measurements were attributed to trapped flux
in the loop comprised between superconducting grains and
weak links. On the other hand, the peculiar high-field hys-
teresis effects observed in granular type-II superconductors
were explained mainly in terms of flux trapping evolving in-
side the grains [1-11].

Silver is widely used in fabrication of HTSCs materials
as a dopant or additive material [18-29]. Adding or dop-
ing of silver into YBCO ceramics improves significantly
its plastic, mechanical, and electrophysical properties [21—
24]. Improvement in the flexibility and chemical stability
of YBCO were reported without reduction in the supercon-
ducting transition temperature 7. [18-20]. Ag can fill the
intergranular spaces and improve both mechanical and elec-
trical properties of YBCO ceramic by reducing the weak
link effects. The presence of Ag between the YBCO grains
can also provide a plastic flow region and relax undesirable
residual stresses in the ceramic sample resulting from the
grain anisotropy of superconductors [25]. In addition, it pro-
vides conductive paths between superconducting grains and
can cause an enhancement in the critical current density J,.
The improvement in J. can be attributed either to improved
coupling between the superconducting grains or to stronger
pinning of the intergranular vortices induced by the presence
of Ag.

In this study, systematic magnetovoltage (V—H curves)
measurements were performed in Ag-added polycrystalline
YBa;Cu307_ sample (YBCO/Ag) at selected values of the
magnitude of transport current (/), temperature (7'), and
magnetic field-sweep rate (d H/dt) to investigate flux dy-
namics, the intergranular region, and weak-link profile. For
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a better understanding of the influence of Ag on the super-
conducting properties, the experimental results obtained for
YBCO/Ag were compared with those of YBCO sample. The
clockwise (CW) hysteresis effects in the forward region of
V—H curves were observed upon cycling H. Introducing
Ag into the superconducting matrix causes peculiar voltage
instabilities in V—H curves, and it is shown experimentally
that the instabilities decrease significantly with decreasing
dH /dt. The experimental V—-H data of YBCO/Ag were
mainly interpreted and analyzed by considering the two-
level magnetic system. The general behavior of V—H curves
was also examined by considering the method proposed by
Balaev et al. [8, 10, 11]. By using this method, it is possi-
ble to distinguish the contribution from both intergranular
region or intragranular region to the measured dissipation in
V—H curves. A residual voltage V, appeared at H = 0 in
V—H curves for various values of applied transport current
was correlated to the critical current value of the material.
In addition, the interrelation between the evolution of V—-H
curves obtained for different values of / and the critical cur-
rent /. was demonstrated experimentally.

2 Experiment

The polycrystalline YBCO-123 samples were prepared by
the conventional solid-state reaction method [7, 26, 28]
using high-purity powders of Y,03, BaCO3, CuO, and
AgNO3 (Aldrich Co). All the powders are of 99.99 % purity.
The amount of Ag added was equal to 3 % weight of nom-
inal composition of Cu into YBCO-123. Energy Dispersive
Spectroscopy (EDS) analysis was carried out to investigate
stoichiometry and chemical composition of the Ag-added
YBCO-123 sample. EDS analysis showed that amount of
silver in YBCO/Ag is ~3 wt% of Cu. Note that this value is
comparable to the amount of doping of Ag in the supercon-
ducting structure.

The transport measurements were carried out using the
four-point probe technique. The prepared Ag-added YBCO
and YBCO polycrystalline bulk samples were cut in the
shape of rectangular prism with typical dimensions of length
£ =4.0 mm, width w = 0.8 mm, thickness # = 0.4 mm by
using diamond saw. The contact resistance measured was of
the order of 1072 Q below 7, and 10~ © at room tem-
perature. All measurements were carried out under PC con-
trol via an IEEE-488 interface card. A temperature stabil-
ity better than 0.01 K was maintained during the measure-
ments (OI, ITC-503 temperature controller). The tempera-
ture was measured by using a calibrated 27 Ohm-Rhodium—
Iron thermocouple (OI, Calibration number 31202). In the
experiments Keithley-2182A (nanovoltmeter) with a resolu-
tion of 1 nV and Keithley 6221 (current source) were used
in measuring the sample voltage and applying the current,
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respectively. In all measurements under external magnetic
field, the magnetic field was generated by an electromagnet
(OI, N100 electromagnet).

The magnetovoltage (V—H curves) measurements on the
YBCO/Ag were carried out for a constant dc transport cur-
rent (/) by sweeping the external magnetic field up [field in-
creased branch (FIB) of the forward region (FR)] and down
[field decreased branch (FDB) of the forward region (FR)]
in the range 0—60 mT. The V-H curve measurements were
also made after the polarity of the magnetic field was re-
versed [reverse region (RR)]. In all V-H measurements,
the apphed magnetlc field was perpendicular to the transport
current (H v ). The V—H curves were measured at selected
values of temperature, transport current, and magnetic field
sweep rate (d H/dt).

3 Experimental Results

3.1 Magnetovoltage (V—H Curves) Measurements at
Different Sweep Rates of the External Magnetic Field
(dH/dt)

The microstructures of YBCO and Ag-added YBCO sam-
ples were investigated by Scanning Electron Microscopy
(SEM) (JEOL 6390-LV). Figures 1(a) and 1(b) show SEM
images of YBCO and Ag-added YBCO samples, respec-
tively. It is observed that Ag particles could be preferen-
tially distributed along intergranular region of superconduct-
ing structure forming amorphous metallic regions between
grains.

Figure 2(a) shows the hysteretic V-H curves measured
at T = 88 K for selected values of the dc transport current
I =10, 15, 20, 30, and 40 mA with a fixed magnetic field
sweep rate d H/dt = 0.50 mT/s. The measurements were
carried out in five stages for each value of I. The corre-
sponding stages are observed better in the replotted of V-H
curve taken for / = 20 mA in Fig. 2(b). The external mag-
netic field is cycled up (FIB) and down (FDB) in the FR,
and then the external magnetic field is cycled up and down
in the RR. In the final stage, the magnetic field was increased
from 0 to 60 mT (FIB in the FR), and the measurement
was finished at Hpa,x = 60 mT. In the FR, at the begin-
ning of the measurements for FIB, the V—H curve starts
from zero for all current values and reaches a nearly steady
state as the magnetic field is increased toward 60 mT. As the
magnetic field is decreased from Hpax = 60 mT to 0, for
the FDB in the FR, a clockwise (cw) hysteresis effect ap-
pears over the whole magnetic field range considered and
the sample stays in a resistive state down to H = (0. We
note that, for H > 30 mT, the V-H curves are nearly re-
versible.
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Fig.1 SEM photomicrographs of (a) polycrystalline YBCO bulk sam-
ple and (b) Ag-added polycrystalline YBCO bulk sample. White shiny
regions observed in SEM are the images of Ag. The magnification of
SEM images is 1500

A similar case is observed in the reverse region (RR),
where the polarity of magnetic field is reversed. In the third
stage of V—H curves, a nonlinear increase in the measured
voltage dissipation is observed, and voltage dissipation be-
comes approximately constant as in the FR. In the fourth
stage of V—H loops, the measured dissipation decreases
with decreasing the magnitude of H in the counterclock-
w1se (ccw) direction and passes through a minimum before
H becomes zero. After the minimum value, although |H |
is decreased, the sample voltage increases nonlinearly and
reaches a maximum value at H = 0. In the fifth stage of
the evolution of hysteresis loops where the magnetic field
is again reversed (FR), the sample voltage increases nonlin-
early with increasing H and collapses on the FIB of the first
stage. After the fifth stage, the plot of hysteresis loop is com-
pleted (see Fig. 2(b)). Note that the voltage drops and jumps
evolve at low magnetic field values.

In order to assess the effect of dH/dt on the V-H
curves, dH/dt was increased, and the measurements de-
scribed in Fig. 2 were repeated. The V—-H curves mea-
sured at T = 88 K for I = 15, 20, 30, and 40 mA with
dH/dt = 1.30 and 2.60 mT/s are presented in Figs. 3 and 4,
respectively. The V-H curves in Fig. 3 exhibit a similar
behavior to those in Fig. 2(a). In other words, increasing
dH /dt from 0.50 mT/s to 1.30 mT/s does not cause any
pronounced change in the line-shape of the V-H curves.
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Fig. 2 (a) Magnetovoltage
(V—H) curves of the YBCO/Ag
sample measured at 7 = 88 K 16 -
for selected values of the
transport current, / = 10, 15, -
20, 30, and 40 mA, with a fixed
magnetic field sweep rate, 12 |
dH/dt =0.50 mT/s.

(b) Replotted magnetovoltage
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However, we note that an increase in dH/dt results in
an increase in the number of the instabilities in the V-H
curves. It is seen from the V-H curves given in Fig. 4
that the voltage drops and jumps and also the plateau re-
gions are quite prominent. In addition, a comparison of
V—H curves in Figs. 2-4 with each other reveals that the
voltage dissipations measured at given values of / and H
are practically independent of d H/dt in the range 0.50-
2.60 mT/s.

In order to observe the effect of temperature on the V—-H
curves, the temperature was decreased from 88 to 82 K.
Figures 5-7 show the V—H curves measured at 82 K and
I =20, 30, 40, 50, and 60 mA for dH/dt = 0.50, 1.30,
and 2.60 mT/s, respectively. The V—H curves exhibit sev-
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eral different features as functions of d H/dt and trans-
port current. For the V—H curves measured with d H/dt =
0.50 mT/s and I = 20 and 30 mA (see Fig. 5), the varia-
tion of measured dissipation with H is smooth with a few
voltage drops and jumps just below 60 mT. The number of
the voltage drops in the FDBs in the forward region (FR)
and reverse region (RR) tends to increase with increasing
the transport current (see, for instance, the FDB of V-H
curve for I = 60 mA). In addition, as the magnetic field
is decreased, the voltage measured for the FDB in FR be-
comes zero at H ~ 8 mT and 3 mT for / =20 mA and
I =30 mA, respectively, so that below these H values the
superconducting state is maintained. The V—H curves mea-
sured with d H /dt = 1.30 mT/s show that the voltage drops
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Fig.3 Magnetovoltage (V-H)
curves of the YBCO/Ag sample
measured at 7 = 88 K for 16 -
selected values of the transport
current, I = 15, 20, 30, and -
40 mA, with a fixed magnetic
field sweep rate 12 L
dH/dt =1.30 mT/s. The

arrows show the direction of
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dH/dt = 1.30 mT/s
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I=15mA
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field >
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Fig. 4 Magnetovoltage (V-H)
curves of the YBCO/Ag sample
measured at T = 88 K for 16 -
selected values of the transport
current, / =15, 20, 30, and -
40 mA, with a fixed magnetic
field sweep rate 12 L
dH/dt =2.60 mT/s. The
arrows show the direction of
sweeping the external magnetic —
field Z
=

dH/dt = 2.60 mT/s

and plateau regions in the FDBs of the FR and RR develop
for all current values considered (Fig. 6). A further increase
in dH/dt (i.e., 2.60 mT/s) results in significant instabili-
ties as in Fig. 7. Furthermore, the symmetry in the curves
obtained for the FR and RR is destroyed. However, there
is no considerable change in the dissipation measured for
all current values when d H/dt is increased from 0.50 to
2.60 mT/s.

Figure 8 shows a set of V-H curves of YBCO sample
measured at 7 = 82 and with I = 30, 40, 50, and 60 mA
for dH/dt = 1.30 mT/s. The curves exhibit several dif-
ferent features as a function of the transport current. One
of them is the strong irreversibilities appearing upon cy-

cling the external magnetic field. The irreversible behav-
ior of the V—-H curves for the YBCO sample is more pro-
nounced when compared to those observed in the Ag-added
YBCO sample. In the case of increasing the magnetic field
for both forward and reverse directions, the resistive state
becomes observable after a certain critical value of the ex-
ternal magnetic field, H.", and the dissipation sharply in-
creases and tends to saturate; whereas, in the case of de-
creasing the magnetic field in both forward and reverse di-
rections, the sample becomes less resistive, and it recov-
ers the zero resistance state at another critical value of
the external magnetic field (Hcdown), which is much greater
than Hcl.J P
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(FR)

Fig. 5 Magnetovoltage (V-H)
curves of the YBCO/Ag sample dH/dt =0.50 mT/s (RR)
measured at 7 = 82 K for 16 |-
1 =20, 30, 40, 50, and 60 mA T=82K
and dH /dt = 0.50 mT/s. The 3
arrows show the direction of
sweeping the external magnetic 12 |
field
S L
=
> 8t
4
0
Fig. 6 Magnetovoltage (V-H) 20
curves of the YBCO/Ag sample _
measured at 7 = 82 K for r T=82K
I =30, 40, 50, and 60 mA and 16 dH/dt =1.30 mT/s (RR)
dH/dt =1.30 mT/s. The B
arrows show the direction of |
sweeping the external magnetic
field 12
S ot
3
S sl
4L
0

4 Discussion
4.1 Microstructural Analysis

The grain size of YBCO and Ag-added YBCO samples was
estimated by using SEM photomicrographs. We found that
the grain size of the YBCO sample varies between 3.75-
33.75 um, whereas, for the Ag-added YBCO sample, it
varies between 2.5-25 um. The grain size of YBCO sample
is generally greater than the Ag-added YBCO sample. The
grain size depends mainly on annealing temperature of su-
perconducting sample and the amount of Ag dopant [30]. It
can be maximized at the temperatures just above the peritec-
tic melting temperature of YBCO and YBCO/Ag samples.
The experimental studies reveal that the peritectic temper-
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ature decreases with increasing quantity of Ag into the su-
perconducting YBCO matrix [30]. At higher Ag content, an
increase in the grain size of the superconducting phase can
be observed. Ag interacts directly with YBCO during the
annealing process and reduces the peritectic decomposition
temperature of YBCO which is determined by the temper-
ature at which Ag dissolves Ba and Cu from YBCO [30].
The existence of a Ba/Cu/Ag liquid solution at temperatures
above the peritectic melting temperature of YBCO/Ag is as-
sumed to play a major role in the modification of the re-
sultant microstructure. The Ag dopant can act as a flux; on
one hand, this can lead to some degree of texture of the su-
perconducting YBCO matrix, and, on the other hand, de-
pending on the Ag content, the increase in melt viscosity
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Fig. 7 Magnetovoltage (V-H)
curves of the YBCO/Ag sample dH/dt = 2.60 mT/s
measured at 7 = 82 K for 16 |-
1 =20, 30, 40, 50, and 60 mA
and dH /dt = 2.60 mT/s. The 3
arrows show the direction of
sweeping the external magnetic 12
field
s ot
2
> gl
4
0

(RR)

(FR)

Fig. 8 Magnetovoltage (V-H)
curves of the YBCO sample
measured at 7 = 82 K for

I =30, 40, 50, and 60 mA and
dH/dt =1.30 mT/s. The
arrows show the direction of
sweeping the external magnetic
field

V(uV)

can cause the formation of smaller grain size as compared
to that of YBCO [30].

4.2 Hysteresis Effects in V—H Curves and Inter- and
Intragranular Flux Trapping

In our measurements, the V—H curves demonstrate two dis-
tinct regimes for the field increase branch (FIB) in forward
region: first, rapid increase in the measured voltage at low
magnetic fields; second, at moderate field values, a satura-
tion in the measured voltage (see Figs. 2-7). Upon cycling

dH/dt =1.3 mT/s
— — 1=60mA
H1l
o 1=50mA
1=40mA
I=30mA
(FR)
80

the external magnetic field, all V—H curves exhibit clock-
wise hysteresis effects that can be correlated to the two-level
magnetic system.

To a first approximation, the initial rapid increase in V-H
curves corresponds to the destruction of the highly ramified
weak-link structure between the superconducting grains.
The external magnetic field with the critical fields of weak-
link structure controls predominantly the coupling states be-
tween the grains [1-4, 7, 8, 10, 11]. It should be noted
that irreversibilities are related to the flux trapping in the
junction network. It is well known that polycrystalline bulk
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HTSC samples show typical weak-link behavior, which can
be easily destroyed even at small external magnetic fields. In
addition, a weak-link structure is generally assumed to be-
have like a type-II superconductor with its own penetration
depth, chl/, Hg, and edge (surface like) screening current
flowing along the edge of the junction, where H}{ and HY
are the first and second critical fields of the junction net-
work, respectively [2]. For H > H c‘g, the weak link struc-
ture is completely destroyed by the external magnetic field.
As H is increased above H c%/, the flux lines would penetrate
the superconducting grains. For 0 < H < H Cvg’ it is quite
normal to expect that the flux lines evolve in the form of
Josephson type, whereas, for H > Hg, the flux lines pene-
trated into the grains will evolve gradually from Josephson
to Abrikosov type with a reduced size [7, 8].

In the V-H curves, the expected resistive response of a
granular sample depends on the magnitude of transport cur-
rent and on the external magnetic field. At low enough ap-
plied currents less than the critical current /., zero resistance
state is satisfied along the sample if H < H Cv}/, and no dissi-
pation is observed in the V—H curves. In this case, it can be
assumed that the sample behaves like a quasi-single super-
conducting slab and the shielding current circulates around
periphery of the sample within the penetration depth A1. As
H is increased with a certain sweep rate d H/dt, the flux
lines driven by the Lorentz force associated with the trans-
port current will penetrate the sample gradually from its sur-
face into grain boundaries and sample pores, so that it results
in an increase in the measured dissipation. At low magnetic
field values, the flux motion is inhibited by the screening
currents flowing between the grains surrounding by the in-
tergranular region of the sample. When the first weak-link is
broken by the flux lines in Josephson character, the critical
current density increases in the neighboring area of the sam-
ple and disrupts the other weak-links as a cooperative phe-
nomenon that we do not observe in our magnetic measure-
ments. Thus, the density of flux lines per unit area will in-
crease over the weak link structure, and flux motion will end
in highly superconducting grains that resist strongly against
the flux penetration [7]. In this process, the measured dis-
sipation increases rapidly until the external magnetic field
reaches the Josephson decoupling field, H CW, of the weak-
link network. If the external magnetic field is less than the
first critical field of grains (H,1,g), since He1 ¢ > H C‘g, fur-
ther increase in the applied magnetic field up to H o will
not produce any extra dissipation because most of the grains
are disconnected from each other and the intergranular re-
gion of the sample is in normal state for of H > HCVX. It can
be assumed that, at relatively low magnetic fields, the nor-
mal state resistance of a type-II superconductor is indepen-
dent of the applied magnetic field [31]. This implies that the
resistance of the intergranular region will not change until
the external magnetic field exceeds H.1,g. We note that low-
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field M—H measurements reveal that HCVY and Hcvg have val-
ues in the order of a few 0.1 mT and ~1 mT, respectively,
at liquid helium temperature [2, 7]. These junction parame-
ters are temperature dependent and increase with decreasing
temperature.

The V-H curves of YBCO (see Fig. 8) reveal that the
superconducting state is not destroyed up to a critical field
H:® when H is increased (for the FIB). For the FDB, the
sample recovers the superconducting state at a critical mag-
netic field value H*" when H is decreased. The zero
voltage dissipation (for the FDB branch) is a measure of
reformation of the coupling between the superconducting
grains. The values of H.* and HSOW“ depend on the mag-
nitude of transport current. For instance, for / = 30 mA,
Hf"w“ is ~41 mT in the V—H curve in Fig. 8 for YBCO,
whereas HI"" of V—H curve in Fig. 6 for the YBCO/Ag
sample is ~10 mT. This suggests that the flux pinning prop-
erties in the intergranular region of YBCO are weakened by
adding Ag into the superconducting structure and enhances
the formation of isolated superconducting grains in sam-
ple [18, 20, 25, 26]. This point is explained in more detail
as follows: as mentioned above, the effect of addition Ag to
YBCO material has been investigated extensively by several
groups. Generally, a significant improvement in supercon-
ducting properties of YBCO could be obtained depending
upon the content and nature of the Ag addition. In addition,
the experimental studies reveal that the effective role of Ag
in YBCO material depends on the processing conditions.
It is well known that the field dependence of intergranular
critical current density, the effective grain size, anisotropic
effects associated with the misoriented grains, the composi-
tional changes at and near grain boundaries, the distribution
of pinning centers can strongly influence the low-field trans-
port data. Further, the pinning of the vortices in a junction
network depends on the amount of the disorder in the cou-
pling strength between the grains. The addition of Ag can
change structural and pinning properties of intergranular re-
gion of YBCO. First, the magnitude of the superconducting
order parameter at the nonsuperconducting regions where
Ag atoms exist can be suppressed locally, and such a physi-
cal case can provoke the measured dissipation. Second, the
presence of randomly distributed Ag atoms cannot permit
the formation of large shielding currents around the sam-
ple but can reduce them to much smaller sizes. Thus, it can
make the flux motion easier from the sample surface to the
interior of the sample. It can be expected that the presence of
metallic regions (or paths) formed by Ag atoms along grain
boundaries acts as easy motion channels for flux lines. Thus,
the flux lines can move easily in those regions without en-
countering any obstruction until they meet highly supercon-
ducting grains, provided that the applied field is less than the
first critical field of the grains (i.e., H.1,g). This is the reason
why it is observed that there is a significant difference be-
tween the HSOW“ (and also H,") values of Ag-added YBCO
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and YBCO samples (see Fig. 6 and Fig. 8). Furthermore,
addition of Ag improves the grain coupling by replacing
the Josephson tunnel junctions [superconductor—insulator—
superconductor (SIS)] with a large number of normal-
metal proximity junctions [superconductor—normal-metal—
superconductor (SNS)]. Tinkham and Lobb [32] showed an-
alytically that the coupling energy E; and hence intergranu-
lar critical current /. could be less for (SNS)-type junctions
than SIS tunnel junctions. It can be suggested that Ag added
to YBCO reduces the intergrain coupling energy and vortex
core energies leading to a pinning energy smaller than that
in pure YBCO. Therefore, it can be concluded that adding
Ag to YBCO can reduce the flux pinning properties of the
intergranular region.

It is seen from the comparison of the V—H curves for
YBCO/Ag (Fig. 6) and YBCO (Fig. 8) that the presence of
Ag in the superconducting structure causes a marked de-
crease in hysteresis effects. In addition, the instabilities in
the V—H curves of YBCO are quite small; however, the volt-
age drops and plateau regions in both of decreasing branches
in FR and RR become more significant for the YBCO/Ag
sample. The long-lived plateau regions in the decreasing
branches of the V-H curves of YBCO/Ag imply that the
number of flux lines joining the motion does not change
and the dynamic process locks to a state for a long time, al-
though the Lorentz forces increases. However, the opposite
case observed in the V—H curves of YBCO sample means
that number of the pinning centers in the junction network
of YBCO is greater than that of YBCO/Ag. That is, in the
case of YBCO sample, the flux lines do not lock to a state
for a long time and move locally from one pinning regime
to another. Thus, the dynamic process associated with the
motion of flux lines in YBCO is forced to change its state
gradually within a short time.

4.3 Voltage Instabilities and Field Sweep Rate (d H /dt)
Dependence of V—-H Curves

The number of the flux lines is controlled by the sweep rate
of external magnetic field, d H/dt, which is an important
parameter for the evolution of V—H curves [7]. The lowest
dH /dt value used in our measurements is 0.50 mT/s, and
the range of external magnetic field is between 0-60 mT.
Therefore, the penetration rate of flux lines from the sample
surface to its interior will be extremely large, and the weak-
link network will be destroyed within a very short time, i.e.,
t < 2 s. If the grains become decoupled, a measurable volt-
age dissipation is observed.

As the magnetic field is decreased down to zero (FDB in
the FR), it is seen from the V—H curves given in Figs. 2—4
that the measured sample voltage dissipation does not be-
come zero. A residual voltage (V,) at H = 0 that depends
on [ appears upon cycling H. Figure 9 shows the current

--(O - dH/dt=0.50 mT/s e}
6 |4\ - dH/dt=1.30 mT/s '
— |- dH/dt=2.60 mT/s

¢ o)

>-4r T=88K '

O"<>I

0 . . . .
10 20 30 40

1 (mA)

Fig. 9 Current dependence, V, versus transport current / for
YBCO/Agat T =88 K

dependence of V. extracted from the V—H curves given in
Figs. 2—4. It is seen from Fig. 9 that V, tends to increase
with /. By inspection of V,—I curves, we suggest that the
current carrying capacity of the sample (i.e., critical cur-
rent /) can be approximately estimated. At least, the cur-
rent dependence of V, can give an idea whether the applied
current / is greater than /. or not. Further, the analysis of
V—H curves measured at 7 = 82 K shows that V, is nearly
equal to zero, which implies that the applied current range of
10—40 mA is still less than I... It is seen from Fig. 9 that V,
becomes independent of d H/dt for T = 88 K. This physi-
cal case can be correlated to nearly absence of time effects
at T = 88 K. At high temperatures, T ~ T, (i.e., T = 88 K),
it is well known that the effective pinning forces and associ-
ated pinning potential are vanishingly small, which leads to
the formation of very weak pinning disorder. For a specific
value of I, it seems that the effective interaction between the
flux lines and pinning centers is nearly equal each other at
T =88 Kas dH/dt is varied from 0.50 to 2.60 mT/s. In this
case, the flux lines could find enough time to move through
the medium for all d H/dt values considered in these exper-
iments. Thus, d H/dt dependence of V, can disappear due
to the less relaxation of flux lines.

It is seen from the V-H curves that the long-lived
plateau regions in the decreasing branches of YBCO/Ag be-
come more significant as d H/dt is increased from 0.50 to
2.60 mT/s. This implies that the number of the mobile flux
lines does not change for a while and a constant flow rate
of flux lines evolves, although the external magnetic field is
continuously varied. In this process, the drop in the sample
voltage is a measure of the drop in the number of flux lines
and also of flux pinning. We suggest that high d H /dt values
make locally the correlated flux motion unstable. However,
at low values of d H/dt, the flux lines find enough time to
change their states gradually, and, therefore, sharp drops or
jumps are not observed in the V—H curves.

At this point, we note that the voltage drops and jumps
in V—H curves do not originate from the heating effects at
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current contacts that can be important in transport measure-
ments. In order to give a measure of heating effects, it is nec-
essary to calculate the power dissipated at the current leads.
By taking the contact resistance ~1072  below the critical
temperature T, and In,x = 40 mA (see Fig. 2), we find the
power dissipation at contacts as about 1.6 x 10~ W. This
would cause no marked effect on the line-shape of the V-H
curves and would not be a source of instability seen in the
V—-H curves.

We now focus on hysteresis effects in V—H curves. The
strong irreversibilities observed in low-field magnetization
measurements can be taken as an indication of flux trapping
in the junction network. In granular samples of HTSCs, it
is generally argued that the superposition of external mag-
netic field and local magnetic fields (induced by magnetic
dipole moment of neighbor superconducting grains in the
intergrain boundaries) determines the specific character of
magnetovoltage measurements [2—4, 7, 10, 11]. For the FIB
in the forward region (FR), when the external magnetic field
is increased with a given d H /dt, the superconducting grains
will show a negative diamagnetic response to the variation
of H. Within the description of the two-level magnetic sys-
tem, the effective field 1§l- averaged over the local fields in
the intergranular region will be greater than the value H
[2-4, 10, 11]. On the other hand, for the FDB, when H
is decreased, the diamagnetic response of superconducting
grains will be positive, and the effective field B; will be less
than the value H. Therefore, the dissipation measured for
the FIB and FDB at the same magnetic field value will give
the result of V(H™) > V(H ™), which is the origin of the
hysteresis effects observed in V-H curves (see Fig. 10) [4—
6, 20, 21]. Thus, we can correlate nearly absence of irre-
versible behavior in the V—H curves at relatively high fields
(see Figs. 2—4) to the equality of effective fields (Befr) evolv-
ing in the intergranular region for the FIB and FDB. At this
point, we note that the same discussion on the irreversible
behavior of V—H curves is essentially valid for when the
polarity of external magnetic field is reversed.

4.4 The Two-Level Magnetic System in Granular
Superconductors

In the two-level magnetic system, it is assumed that the
granular sample is composed of superconducting grains and
weak-link junction network [2—4, 10, 11, 15, 31]. It is based
on the fact of two distinct critical current densities: The
larger one is locally evolving inside the grains (i.e., intra-
grain current density), and the other one, which is relatively
lower than that in the grains, is the macroscopic intergranu-
lar current density. Since the gradient of flux density inside
the grains is larger than that in the intergranular region, the
analytical solution of the usual critical state model is manip-
ulated on the basis of magnetic states associated with both
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intragrain and intergranular regions of the sample. The two-
level magnetic system was originally proposed by Ji et al. [3]
and later was extended by Mahel and Pivarc [4] to explain
the hysteresis effects in HTSC cuprates. This model consid-
ers the superposition of the external magnetic field and the
local magnetic fields in the intergrain boundaries induced
by magnetic dipole moment of neighbor superconducting
grains.

In the following, we introduce the two-level magnetic
system that has been modified and adopted to HTSC
cuprates by Balaev et al. [8, 10, 11]. In this model, it is as-
sumed that the pinning in Josephson barriers (i.e., intergran-
ular boundaries) is weak and the magnetic flux is trapped
mainly in the superconducting grains. It is also assumed that
the contribution of grain boundaries to the diamagnetic re-
sponse of the sample is negligibly small. In this case, for
H > HY, alocal field E,- develops along the junction net-
work, which is equal to the vector sum of the applied mag-
netic field H and the field E induced by the magnetization
of the gralns B = MO(H + Bg) or B = MO(H + GMg)
since Bg = GM Here G is a coefficient depending on the
location and shape of the superconducting grains, and M
is the magnetization of HTSC grains [4, 8, 10, 11, 15]. The
effective field éeff in the intergranular region can be found
as an average of the distribution of local field B; over all
grain boundaries:

Bet = (| Bi|) = wo[H — My (H) f (H)]. (1)

Here f(H) is the average value of G over the junction net-
work and depends on the magnitude of the external magnetic
field. The magnetization M (H) is produced by the shield-
ing currents and the associated flux gradient evolving inside
the sample.

In the case of flux trapping in junction network, the pin-
ning of flux lines requires the magnetization of intergranular
region, A_;[i, and the local field éiw in the junction network
that is the superposition of the external field H and the field
Eg induced by the grains. In the region of grain boundaries
considered, ]l71i makes a contribution to él.w opposite to that
of ég. Thus, the effective field Eggf in the junction network
can be found by averaging the distribution of local field f?l.w
and can be written as [8]

BY.={|B"|) = no(H — [M(H) f (H)

At low applied magnetic field values, when the self-field in-
duced by the transport current is comparable to the first and
second critical fields H 211) and H Cf‘z’ of the junction network,
respectively, we note that the magnetization of intergranular
region of HTSC sample (M;) becomes current (/) depen-
dent.

In the hysteresis loops of V—H curves, the equality of
voltage values V(H™) and V (H ™) corresponding to the in-
creasing and decreasing fields H* and H ™, respectively,

- M;(H,D]). (2)
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H7T and H~ for a given value of
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value of H, hysteresis effects -
appear in V—-H curve
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V(H')

indicates the equality of effective fields, i.e., Begr(HT) =
Betf(H™) (see Fig. 10). When the pinning in the junction
network is small, the contribution to the total magnetiza-
tion from this medium will be small too, and, therefore, the
equality can be written by using Eq. (1) [8]

HY = My(HY) F(HY) = B = M(H)F(H). ()
Thus, as is seen in Fig. 13, the width of the hysteresis loop

AH = H™ — H" observed in the V—H curve for a given
value of measured sample voltage V can be written as

AH = [My(H)F(H) = M () F(HD)].

It can be seen from Eq. (1) that the value of Begr is deter-
mined only by the applied magnetic field and the magne-
tization of grains, and, therefore, AH in Eq. (4) must be
independent of the transport current [8].

If the flux trapping in the intergranular medium is neg-
ligible, then it is expected that AH is independent of the
variation in the transport current. If AH becomes current
dependent, this may imply that there is a flux pinning in the
junction network that contributes to the effective field (B%;)
in the intergranular region, and, thus, Bel%f will change with
the transport current. In this case, A H can be written as [§]

AH = [My(H™) f(H7) ~ Mi(H.1)]

— [M(H) f(H") = Mi(H". T)]. ®)
In order to observe the current dependent AH—H ™ curves at
a given temperature, the self-field induced by the transport
current and the applied magnetic field must be sufficiently
low and comparable to the corresponding junction parame-
ters since M; << M.

We now return to our V—H data and analyze the hys-
teresis effects in more detail within the method associated

0 H H~
Magnetic Field

with the two-level magnetic system proposed by Balaev et
al. [8]. Figure 11 shows the current and magnetic field sweep
rate dependences of the hysteresis width (A H) as functions
of H™.These AH—H ™ curves were extracted for each given
current value from the V—H data in Figs. 2-4. Every ex-
tracted data point in the AH—H ™~ curves corresponds to a
constant value of voltage measured in the forward region
of the V—H curves (see Fig. 10). It is seen from Fig. 11(a)
that all curves collapse nearly on a single curve at low field
values of H~. The departure from the single curve starts
at H~ = 6.5, 10, and 22 mT for d H/dt = 0.50, 1.30, and
2.60 mT/s, respectively. We note that, for all sweep rates
above these values of H~, AH depends on the magnitude
of transport current.

According to Eq. (5), the current dependence of A H can
be taken as an indication of the contribution of the magne-
tization of intergranular region (M;) to AH. On the other
hand, it should be noted in Fig. 11 that the temperature
(T = 88 K) at which the measurements were done is close
to T.. At T ~ T, the Josephson coupling energy between
the grains should decrease, and, thus, the flux trapping capa-
bility of the junction network should decrease accordingly.
In addition, the presence of Ag atoms in the structure causes
the formation of normal regions at the grain boundaries or
S—N-S junctions and can reduce enormously the Joseph-
son coupling energy between grains. Further, as mentioned
above, at a given temperature, low driving currents and low
magnetic field values, which are comparable to the junction
parameters, are required to observe the current dependence
of AH.

It appears that current dependent AH presented in
Fig. 11 is a contradiction to the intra- and intergranular flux
trapping model proposed by Balaev et al. [8]. We suggest
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Fig. 11 AH-H~ curves of the YBCO/Ag sample determined at
T = 88 K for different current values and magnetic field sweep
rates: (a) dH/dt = 0.50 mT/s, (b) dH/dt = 1.30 mT/s, and
(¢)dH /dt =2.60 mT/s. The data were extracted from the V—H curves
in Figs. 24

that, at T ~ T, where the superconducting fluctuations are
high, the hysteretic behavior of the V—H curves should be
controlled mainly by the flux pinning in grains that are not
fully superconducting regions. In this description, the per-
colative nature of transport current can affect weakly pinned
flux lines inside the grains where the superconducting re-
gions exist and can reinforce the depinning of the flux lines
due to the Lorentz force. Therefore, a current dependence of
AH can be expected.

Another parameter that makes A H current dependent is
the sweep rate of external magnetic field (d H/dt). At low
values of dH /d¢t, some of the flux lines find enough time
to penetrate into the grains with the help of Lorentz force
and keep their motion through the weak pinning channels by
following reversible paths upon cycling the external mag-
netic field. However, as d H/dt is increased from 0.50 to
2.60 mT/s, the AH becomes approximately current inde-
pendent (see Fig. 11(c)). We suggest that, at high dH/dt
values, the flux penetration is prevented by the localized
shielding currents circulating around the grains (negative
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Fig. 12 AH-H™ curves of the YBCO/Ag sample determined at
T = 82 K for different current values and magnetic field sweep
rates: (a) dH/dt = 0.50 mT/s, (b) dH/dt = 1.30 mT/s, and
(¢)dH /dt = 2.60 mT/s. The data were extracted from the V—H curves
in Figs. 5-7

diamagnetic response) due to the rate of variation of external
magnetic field. The penetrated flux lines can be pinned by
the pinning centers inside the grains and cannot find enough
time to move through the grains. Thus, a relative increase
in the flux pinning as compared to that observed at low val-
ues of d H/dt can evolve, which can cause relatively large
irreversibility effects in the V—H curves (see Fig. 2).
Figure 12 shows that AH-H ™~ data extracted from the
V—H curves given in Figs. 5-7 collapse on the same curve
and are practically independent of the transport current, but
depend on d H /dt. Inspection of Eq. (1) and the current in-
dependence the AH—H™ curves reveal that the flux trap-
ping in grains dominates the evolution of the V—-H curves.
We suggest that the contribution of the pinning in junction
network to the hysteresis loops at 7 = 82 K is negligible.
Figure 13 shows the variation of A Hp.x with d H/dt,
where A Hpax corresponds to the maximum values of the
AH-H™ curves presented in Fig. 11 and Fig. 12. At T =
88 K, A Hpyax increases with increasing d H /dt (Fig. 13(a)).
However, this significant dependence of A Hy,ax on dH/dt
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diminishes with decreasing the temperature from 7' = 88
to 82 K (Fig. 13(b)). This implies that the flux trapping
evolving inside the grains controls the evolution of the V-H
curves measured at 7 = 82 K.

Figure 14 shows the variation of AH with H~ deter-
mined at different transport currents for the YBCO sample.
The data were extracted from the V-H curves in Fig. 8.
It is seen that all data points fall on the same curve for
H™ ~ 25 mT, except those for / =30 mA. The AH-H™
curve determined for / = 30 mA follow the same curve
when H > 43 mT. For I = 30, 40, and 50 mA, there is a

60 :
T=88K
501 } O

(mT)

g 40!

AH

30+

20

60

T=82K (b)
20 .

1 2 3
dH/dt (mT/s)
Fig. 13 The variation of A Hp,x with d H/dt determined at different

temperatures: (a) 7 = 88 K and (b) T = 82 K. A Hp,x is the maximum
value of the AH—H ™~ curves presented in Fig. 11 and Fig. 12

Fig. 14 AH-H™ curves of 60

current dependence of A H. We attribute this dependence to
the flux pinning in the junction network and also to the con-
tribution of the magnetization of intergranular region, M;,
to AH. Since A H is ameasure of the difference between the
forward and backward magnetizations (see Egs. (4) and (5)),
the magnetic states evolved for / = 30 mA should be differ-
ent up to H ~ 43 mT as compared to those observed for
other current values. In this description, the diamagnetic re-
sponse of the sample reaches its highest value, and the flux
penetration and motion nearly disappear for H ~ 43 mT.

Finally, we comment on the general behavior of AH-H ™
curves. It is seen from Fig. 12 and Fig. 14 that A H generally
tends to increase linearly with increasing H ™~ . This implies
that the net magnetization due to the difference between
forward and backward magnetizations enhances with H ™.
However a decrease in A H with respect to H~ can be cor-
related to the beginning of decrease in difference between
forward and backward magnetizations. On the other hand,
AH-H™ curves establish that the width of hysteresis loops
below T, shows a universal scaling behavior that is inde-
pendent of the applied current. This means that the main
mechanism controlling the hysteresis effects is the pinning
of Abrikosov vortices in grains.

5 Conclusion

Systematic magnetovoltage measurements (V—H curves)
were carried out in Ag-added polycrystalline YBay,CuzO7_
(YBCO/Ag), and YBCO samples were investigated as func-
tions of the transport current (1), sweep rate of the exter-
nal magnetic field (d H/dt), and temperature (7). Upon cy-
cling H up and down all V—H curves measured for different

YBCO sample determined at
T = 82 K for different current
values and magnetic field sweep 50 |-
rate d H/dt = 1.30 mT/s. The
data were extracted from the
V—H curves in Fig. 8

AH(mT)

T=82 K

1 =30 mA

YBCO

dH/dt = 1.30 mT/s

70
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values of I exhibit a clockwise hysteresis effects. The irre-
versibilities observed in the V—-H curves were interpreted
in terms of the two-level magnetic system and were ana-
lyzed by considering a method proposed by Balaev et al. [8],
which makes possible to distinguish the contribution from
intergranular region or intragranular region to the measured
dissipation. It is shown that the width of V—H curves shows
a universal scaling behavior with respect to the applied cur-
rent below the critical temperature 7.. The V-H curves
of the YBCO/Ag sample were also compared to those of
YBCO sample. Further, it was observed that introducing Ag
in the superconducting structure causes to increase signifi-
cantly the voltage instabilities in V—H curves and makes the
evolution of V-H curves d H/dt dependent. At low values
of dH /dt, the instabilities that reflect themselves as sharp
drops or jumps are not observed in the V—H curves. The
analysis of the V—H curves revealed that Josephson medium
does not behave like a type-1I superconductor due to the sup-
pression of its pinning properties by Ag and has a negligible
effect on the evolution of the V—H curves. Therefore, the
irreversibilities observed in V—H curves arise mainly from
the flux trapping inside the grains. In addition, the corre-
lation between the evolution of V—H curves obtained for
different values of I and the critical current /. was demon-
strated experimentally.
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