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We report on magnetization and magnetoresistance measurements of single-crystal, melt-processed, and
polycrystalline YBa2Cu3O7−� samples with the purpose of disclosing the connection between the magnetic
irreversibility limit and the zero resistance temperature point as a function of applied field in the above samples
with very different superconducting granularities. Another goal is to find out how much the applied fields
degrade the grain couplings and the electric conductivity for the different field-current configurations. In
homogeneous superconductors, the magnetic irreversibility line is well known as a limit below which an
electric current different from zero can flow without resistance. Our data for the single crystal with a weak
superconducting granularity closely follow this rule. However, the results on the other samples are quite
different. Normally, good-quality melt-processed YBa2Cu3O7−� samples do not exhibit the signature of super-
conducting granularity. Nevertheless, x-ray analysis of our melt-processed sample, containing 30 wt % of the
Y2BaCuO5 phase, shows considerable misalignment of the crystallite c axis, which weakens the grain cou-
plings and hence is expected to result in superconducting granularity. Effectively, the magnetic irreversibility
lines for H �c axis as well as for H �ab plane exhibit, in the low-field region, the usual signature of supercon-
ducting granularity. On the other hand, the zero resistance data for increasing fields along the c axis and J �ab
plane split away from the irreversibility line toward the lower-temperature side. Nevertheless, for H �J �ab
plane, the zero resistance data closely follow the irreversibility line up to the highest applied fields. In the
polycrystalline YBa2Cu3O7−� sample, in which the grain junctions are much weaker, the effect of an increasing
applied field on the grain couplings is much stronger. The zero resistance line is already split from the
irreversibility line and is lower by more than 17 K at 8 kOe. Our present measurements provide good quan-
titative data for the discrepancy between the zero resistance and magnetic irreversibility lines. We explain these
features in terms of the superconducting glass model.
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I. INTRODUCTION

It is well established that in homogeneous superconduct-
ors the magnetic irreversibility line Tirr�H� defines a bound-
ary in the field-temperature �H-T� plane below which the
magnetization is irreversible and up to which a nonzero elec-
tric current can flow without any resistance. Above this line
the magnetization is reversible and all electric transport is
resistive due to dissipation by flux dynamic effects. Very
clean and well-oxygenated YBa2Cu3O7−� single crystals are
rather homogeneous superconductors.1 In such single crys-
tals, the electrical resistivity is expected to vanish at the ir-
reversibility line and even to comply with the planar aniso-
tropy of the magnetic irreversibility. However, in general
high-temperature superconducting cuprates �HTSCs� are in-
homogeneous superconductors.2,3 Some authors believe that
the HTSCs are intrinsically inhomogeneous.4 In such granu-
lar superconductors the magnetic irreversibility and the elec-

trical resistivity do not depend on the same parts of the
sample. While the magnetic irreversibility depends on well-
coupled grain clusters, the electrical resistance depends on
grain arrays traversing the whole sample. Along such long-
range paths, zero resistance can be attained only at some
temperature below the irreversibility limit.5 On the other
hand, in fields above several kOe, for which the magnetic
field penetrates the grains, the magnetic irreversibility is
dominated by the intragrain Abrikosov flux dynamics while
the electrical resistivity is still ruled by the grain junctions. It
can vanish only after long-range coherence is achieved.

Several systematic magnetic irreversibility studies on pure
YBa2Cu3O7−� single crystals, as well as on single crystals
doped with Ca, Sr, Zn, or Mg,1–3 show the signature of su-
perconducting granularity in the low-field region, where the
Josephson flux dynamics dominates. Some precise studies of
the resistive transition and zero resistance, as a function of
low applied fields, also have been made in single crystals6
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and in polycrystalline samples.6,7 Although in some cases the
data for zero resistance fall below the magnetic irreversibility
line, the authors admitted that in high applied fields, where
the flux dynamics is dominated by the intragrain Abrikosov
flux, the line of zero resistance again follows the irreversibil-
ity line.7–9 The data we are going to disclose here do not
corroborate this expectation.

High-quality melt-processed YBa2Cu3O7−� materials
�Y123 phase�, having highly aligned c axis of the crystallites,
normally do not exhibit the signature of superconducting
granularity in spite of their polycrystallinity. The linking be-
tween the crystallites is so strong that the superconducting
grain coupling occurs almost simultaneously with the super-
conducting transition. Usually these materials exhibit do-
mains with a high density of twinning plains. Pinning, due to
such correlated defects in YBa2Cu3O7−� single crystals2,10 as
well as in melt-processed monodomains,11 exhibits a strong
angular dependence, and hence so do the magnetoresistance
and the magnetic irreversibility. Melt-processed materials
have also been grown with inclusions of Y2BaCuO5 �Y211
phase� particles up to 30 wt %. The interface of the Y211
particles, embedded in the Y123 phase, gives rise to strong
isotropic pinning. Several magnetoresistance studies of twin-
ning monodomains, cut from the melt-processed button, have
evidenced the strong isotropic pinning effects of the Y211
particles. Besides the strong isotropic pinning, these mea-
surements also revealed the effects of the intrinsic pinning
due to the planar superconductivity of the Y123 phase as
well as the strongly angular-dependent pinning of the twin-
ning planes.12–14 Our present study, including a melt-
processed sample doped with 30 wt % of Y211 particles and
displaying superconducting granularity, will evidence impor-
tant additional characteristics.

In the present work, we obtain precise profiles of the mag-
netic irreversibility limit Tirr�H� and of the zero resistance
point Tc0�H� as a function of applied field for three samples
of Y123-based superconductors having rather distinct micro-
structures: �i� a Sr-doped ceramic YBa1.75Sr0.25Cu3O7−�
sample �Poly I�; �ii� a Zn-doped single crystal
YBa2Cu2.97Zn0.03O7−� �SCrZn� and �iii� a melt-processed
YBa2Cu3O7−� sample �Melt-Tex� containing 30 wt % of
Y211 phase. Our goal is to disclose the connection between
the magnetic irreversibility limit and the zero resistance
points in these granular superconductors. As Tirr�H� and
Tc0�H� are measured in the same specimens, this comparison
is indeed meaningful. We obtain the magnetic irreversibility
from magnetization measurements as a function of tempera-
ture, M�T�, by using the standard method for measuring the
magnetic irreversibility. This method consists in finding pre-
cisely the bifurcation of M�T� for zero-field-cooled �ZFC�
and subsequent field-cooled �FC� runs. In the single-crystal
and polycrystalline samples the irreversibility line could be
mapped out without special difficulties. However, in the case
of the melt-processed sample, we succeeded only after find-
ing a sample in which the flux jumps were particularly mild
in the relevant temperature range. Another delicate point in
our program is the calibration of the temperature sensors
installed in the different measuring systems. In order to ob-
tain meaningful comparison between magnetic and transport
data, the temperature sensors and magnets should be pre-
cisely calibrated with respect to each other.

II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES

Our polycrystalline and single-crystal samples were pre-
pared from highly pure Y2O3, BaCO3, SrCO3, CuO, and
ZnO powders. In the case of the polycrystalline sample, we
mixed the constituents in stoichiometric proportions and
used the standard method of reaction in solids. The
YBa2Cu2.97Zn0.03O7−� single crystals were grown by the
usual self-flux method from an initial mix with the propor-
tions of 1:4:9.9:0.1 of Y, Ba, Cu, and Zn, respectively, and
oxygenated during ten days at 450 °C. X-ray diffraction on
the single crystal used in the measurements revealed a very
clean orthorhombic phase, with lattice parameters in agree-
ment with those reported in the literature for the correspond-
ing Zn concentration.15 Examination of this single crystal
with polarized light microscopy showed twinned domains.
The polycrystalline YBa1.75Sr0.25Cu3O7−� sample �Poly-I� for
magnetic measurements was a slender double-wedge-shaped
specimen of nearly 1 cm long, while that for the resistivity
measurements was a long parallelepiped 10 mm long and of
1 mm2 cross section. The YBa2Cu2.97Zn0.03O7−� single crys-
tal �SCrZn� was a long rectangular platelet of close to
2 mm2 in area and of about 0.12 mm in thickness. The same
specimen was used in the magnetic and transport measure-
ments. Our melt-processed YBa2Cu3O7−� sample �Y123
phase�, containing 30 wt % of Y2BaCuO5 �Y211 phase� and
1 wt % of CeO2, was prepared by the top-seeding method.
Initially a pellet with a total mass of about 5 g consisting of
well-mixed Y123, Y211, and CeO2 was sintered at 920 °C
during 24 h. Then, after placing a NdBa2Cu3O7−� single
crystal on top of the pellet, the melt-texturing temperature
cycle described in Ref. 26 was applied. The purpose of the
Y211 phase is to introduce a large number of pinning cen-
ters. The CeO2, besides physically stabilizing the melt at
high temperatures, limits the size of the Y211 particles,
thereby improving the distribution of the Y211 phase. This
procedure enhances strongly the flux pinning potential in the
melt-processed Y123. A sample �Melt-Tex� for magnetic and
electrical transport measurements was cut from the melt-
processed button and oxygenated at 420 °C under pure flow-
ing oxygen for 5 days. The Melt-Tex sample was a long
parallelepiped 8 mm in length along the ab plane, 1.3 mm
along the c axis, and 1.3 mm in thickness �ab plane�.

The dc magnetization measurements were made using a
superconducting quantum interference device �SQUID�
MPMS-XL magnetometer from Quantum Design. The
method consisted in first cooling down the sample to tem-
peratures well below Tc in zero field �ZFC�. Then the mag-
netization �MZFC�T�� was measured under constant magnetic
field while slowly warming the sample �0.2 K/min or less� up
to temperatures well above Tc. Fields within the range 3–50
kOe were applied. Subsequently the magnetization
�MZFC�T�� was measured while cooling the sample back to
temperatures well below Tc in the same field �FC�. The irre-
versibility limit Tirr�H� for a given field is the temperature
value where the difference �M�T�=MFC�T�−MZFC�T� devi-
ates from the zero baseline defined by the high-temperature
data, where the magnetization is reversible. The MFC and
MZFC data normally show a small temperature gradient of

DIAS et al. PHYSICAL REVIEW B 77, 134503 �2008�

134503-2



less than 0.1°, which appears as a constant or a linear
temperature-dependent term in the �M�T� results. Our data
were corrected for temperature gradient effects. The irrevers-
ibility limit of the melt-processed sample was also deter-
mined from hysteresis cycles up to 1 T. These data were
found to be in perfect agreement with those obtained from
the �M�T� data.

The magnetoresistance measurements were made in con-
stant applied fields up to 50 kOe using the four-contact
method. We used a low-current low-frequency ac technique
in which a lock-in amplifier was employed as a null detector.
Good electrical contacts were achieved by heating the
samples with freshly painted silver paint stripes to 400 °C in
pure oxygen for 1 h. The measurements were performed
while the temperature was swept �down� very slowly �0.05
K/min� and measured with a Pt thermometer corrected for
magnetoresistance effects within a resolution of 0.002 K.
The magnetoresistance points were closely spaced so as to
allow for a numerical calculation of the temperature deriva-
tive of the resistivity, d��T� /dT.

III. EXPERIMENTAL RESULTS

A. Magnetic irreversibility

We have determined the magnetic irreversibility limit of
our samples for many applied magnetic fields ranging from 3
Oe to 50 kOe. Figure 1 displays two representative examples
for the difference �M�T�=MFC�T�−MZFC�T�, chosen among
the more difficult measurements for the melt-processed
sample �Melt-Tex�, in order to illustrate our data analysis. In

the case of the single crystal and the melt-processed samples
we have determined Tirr�H� for fields applied along the c axis
as well as along the ab plane. The irreversibility limit Tirr�H�
for the single crystal �SCrZn� and the polycrystalline sample
�Poly-I� could be determined with good precision. Figure 2
displays the Tirr�H� data of the single crystal for H �c or
H �ab, and for the Poly-I sample for H�J. The inset high-
lights the low-field data for the single crystal only. Those of
the Poly-I sample are already clear in the main figure.

In the case of the melt-processed sample �Melt-Tex�, good
irreversibility data could be obtained only after finding a
sample where the noise due to flux jumps was low, especially
near the irreversibility limit. The very good signal-to-noise
ratio of this sample was of much help. Figure 3 displays the
irreversibility data of the Melt-Tex sample for H �c axis and
H �ab plane. The inset highlights the low-field data, where
two characteristic regimes are observed.

The continuous lines through the data in the high-field
region in Figs. 2 and 3 are fittings with the power law pre-

FIG. 1. Two examples of the �M�T�=MFC�T�−MZFC�T� �main
figure� and the MZFC�T� and MFC�T� magnetization data �inset�. The
vertical arrows indicate the irreversibility limits Tirr�H�.

FIG. 2. Irreversibility data for the SCrZn sample for H �c and
H �ab, and for the Poly-I sample. The continuous lines labeled GFC
are fittings to the power law predicted by the giant-flux-creep theory
�Eq. �1��, while in low fields and in the inset denoted by AT and GT
are fittings to the de Almeida–Thouless and Gabay-Toulouse power
laws, respectively.

FIG. 3. Same as in Fig. 2 but for the Melt-Tex sample. The large
squares are the irreversibility limits from hysteresis loops.
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dicted for the irreversibility line by the giant-flux-creep
�GFC� theory:16

Hirr�T� = H0�1 − t�� �� =
3

2
� . �1�

In Eq. �1� t=Tirr�H� /Tirr�0� is the reduced temperature, and
H0 and Tirr�H� are fitting parameters. The continuous lines
through the low-field data �see insets of Figs. 2 and 3� are
fittings with de Almeida–Thouless–like17 �AT� ��=3 /2 in
Eq. �1�� and the Gabay-Toulouse-like18 �GT� ��=1 /2 in Eq.
�1�� power laws. Although the AT power law has the same
form as that of the giant flux creep, its physical background
and the fitting parameters are quite distinct. The AT as well
as the GT power laws proceed from mean field calculations
for the frustrated Ising-like and Heisenberg or XY spin-glass
systems, respectively. They have extensively been used to
describe the irreversibility data of granular
superconductors.1–3,6,7,19 This is no surprise since the grain
coupling in grain aggregates of disordered granular super-
conductors under applied magnetic field is well known to be
dominated by frustration, in analogy to the spin coupling in
spin-glass systems. Hence the observation of AT and GT
power law behavior of the irreversibility line of our granular
superconductors shows that they are frustrated superconduct-
ing grain aggregates. Table I lists the fitting parameters H0
and Tirr�H� for our samples, corresponding to the giant-flux-
creep, the AT-like, and the GT-like power law regimes, re-
spectively.

The Tirr�H� data of the Melt-Tex sample for H �c axis and
H �ab plane in Fig. 3 show a strongly reduced planar aniso-
tropy. This is due to some misalignment of the c axis of the
crystallites in our melt-processed sample, caused by the high
concentration of the Y211 phase.20 This disorder prevents the

Abrikosov flux from being accommodated along the ab
planes, resulting in considerable loss of the intrinsic pinning
and hence loss of the planar anisotropy. Therefore the true
magnetic irreversibility for H �ab is experimentally inacces-
sible. The large squares in Fig. 3 are the irreversibility limits
obtained from hysteresis cycles for fields up to 10 kOe ap-
plied along the c axis. They are in good agreement with
those obtained from the temperature cycles.

Normally melt-processed materials do not display super-
conducting granularity. However, the high concentration of
Y211 phase causes considerable misalignment of the c axis,
thereby encumbering grain coupling. The effects of granular-
ity in fact are very faint, but thanks to the high precision of
the data �see insert in Fig. 3�, we can clearly distinguish the
AT and GT power law regimes in the low-field region, which
are typical of frustrated systems. These low-field data even
display the inverted planar anisotropy usually observed in
the low-field region of single crystals with a granular super-
conducting character �see inset in Fig. 2�.2,3 This reversed
anisotropy is usually ascribed to the fact that the weak links
along the ab plane become stable at higher temperatures than
along the c axis.

B. Magnetoresistivity

We have measured the resistive transition of our Zn-
doped YBa2Cu2.97Zn0.03O7−� single crystal for a low measur-
ing current along the ab plane and a number of applied mag-
netic field values �see figure caption� applied along the c axis
as well as along the ab plane. We estimate the excess con-
ductivity �� by subtracting the actually measured conduc-
tivity ��T�=1 /��T� from the fitted and extrapolated normal
conductivity �N�T�, obtaining ���T�=�N�T�−��T�. Assum-
ing that in the immediate vicinity of zero resistance the ex-
cess electric conductivity ���T� diverges according to the
power law

���T� = A�T − Tc0

Tc0

�−�

, �2�

where A is a constant amplitude, Tc0 is the characteristic
transition temperature, and � is the critical exponent
for the coherence transition.3,5–7,15,21–23 From the experimen-
tal data we determine numerically the quantity ���T�
=−d�ln ��� /dT, and obtain

��
−1�T� =

1

�
�T − Tc0� . �3�

Figures 4 and 5 display the ��
−1�T� curves for several mag-

netic fields applied along the c axis and parallel to the ab
plane, respectively. The straight lines are fittings to Eq. �3�.
Within our experimental precision, the exponents, obtained
from the slope of these fittings, are in agreement with
the theoretically expected values for the coherence
transition.5,15,21–23 On the other hand, we determine the tem-
perature points where the resistivity falls to zero by extrapo-
lating the power law regimes to the temperature axis. In Figs.
4 and 5 we also mark the irreversibility limits on the fittings
to ��

−1�T� for each applied magnetic field. We can clearly

TABLE I. Fitting parameters for the YBa2Cu2.97Zn0.03O7−�

single crystal �SCrZn�, melt-textured YBa2Cu3O7−� with 30 wt %
Y211 phase inclusions, and the YBa1.75Sr0.25Cu3O7−� �Poly I� poly-
crystalline sample for H �J.

Sample Fit � H0 �kOe� Tirr�0� �K�

SCrZn GFC 1.45�0.16 807.0 87.35

�H �c� GT 0.60�0.09 23.1 86.88

AT 1.60�0.12 934.1 87.35

SCrZn GFC 1.60�0.18 873.6 87.30

�H �ab� GT 0.54�0.14 23.9 86.54

AT 1.60�0.21 1269.5 87.00

Melt-Tex GFC 1.60�0.12 3574.5 91.00

�H �c� GT 0.58�0.10 33.4 90.78

AT 1.59�0.16 1442.4 91.00

Melt-Tex GFC 1.54�0.04 4538.5 90.70

�H �ab� GT 0.60�0.14 37.0 90.65

AT 1.60�0.27 1285.0 90.90

Poly I GFC 1.43�0.19 864.2 89.00

GT 0.55�0.05 54.6 87.37

AT 1.55�0.13 421.1 89.00
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observe that, within our experimental precision, the magnetic
irreversibility points and the zero resistance points are
closely together in the high-field region. However, in low
fields where our experimental precision is higher �see inset in
Figs. 4 and 5 as well as in Fig. 8 of the next section� the zero
resistance points fall systematically below the irreversibility
line. In the next section, we discuss in detail the correlation
between the magnetic irreversibility and the zero resistance
points. Figure 6 displays analogous results for the polycrys-
talline sample Poly-I �see field values in the caption�. In this
case, the zero resistance points fall well below the irrevers-
ibility line for the whole range of applied fields. The separa-
tion between the two characteristic temperatures strongly in-

creases as the value of the applied field is increased.
However, in fields higher than 7.5 kOe, the ��

−1�T� curves
become rounded and no power law regimes can be found.

It may be noted in Figs. 4 and 5 that in the vicinity of zero
resistance the ��

−1�T� data for the highest magnetic fields
close to the zero resistance state do not follow the power law
regime, but fall abruptly to zero before the power law regime
reaches the temperature axis. This effect is a clear manifes-
tation of the Abrikosov vortex lattice solidification.24 We
should then admit that effects resulting from the Abrikosov
vortex dynamics are coexisting with effects specifically re-
lated to granularity, which are responsible for the power law
behavior of the resistivity in the regime close to the zero
resistance state, and for the magnetic irreversibility limit in
low fields, which behaves according to the de Almeida–
Thouless and Gabay-Toulouse power laws.

The Melt-Tex sample employed in the magnetoresistance
measurements was the same one used in the magnetic mea-
surements. The magnetoresistance experiments were per-
formed by applying a low measuring current density �J
=150 mA /cm2� parallel to the ab plane and fields along the
c axis or alternatively fields along the ab plane and parallel
to the current J. We obtained a high density of data points
while slowly cooling the sample through the superconduct-
ing transition region under constant applied magnetic fields.
Figures 7�a� and 7�b� display the magnetoresistivity data un-
der the indicated fields applied along, respectively, the ab
plane �H �J� and the c axis. The resistivity is considerably
anisotropic for fields along the ab plane or along the c axis.
The inset of Fig. 7�a� exemplifies the method used to define
the point of zero resistance, since in this sample the quantity
��

−1�T� does not show a power law behavior near the zero
resistance state. We evaluate the zero resistance temperature
by adopting a practical criterion, according to which this
temperature is obtained from the threshold of the plateau
where d��T� /dT falls to zero. The vertical arrows in the inset
indicate the point where the resistance becomes zero accord-
ing to our criterion. This point is denoted as TR=0�H�, for the
sake of distinguishing it from Tc0�H�, obtained from power
law regimes. It may be observed that the melt-processed
YBa2Cu3O7−� is much less sensitive to the applied field than
the ceramic material.

FIG. 4. ���T�−1 data for the single crystal �SCrZn� in fields
�from right to left� H=1, 2.5, 5, 7.5, 20, 30, 40, and 50 kOe, applied
along the c axis. The inset shows data for H=0.01, 0.05, 0.1, 0.2,
0.4, and 0.6 kOe. The measuring current is applied parallel to the ab
plane. Straight lines are fittings with the power law Eq. �3�. The
exponents obtained from the fittings range from the theoretically
predicted value �4� up to 40 kOe. The open circles represent the
positions of the irreversibility limit for the respective applied fields.

FIG. 5. Same as Fig. 4, for the same fields applied parallel to the
ab plane �absent is 0.05 kOe and included is 10 kOe�.

FIG. 6. Same as Figs. 4 and 5, but for the Poly-I sample and
magnetic fields of H=0.002, 0.01, 0.05, 0.1, 0.2, 0.4, 1, 2.5, 5, 7.5,
10, 20, 30, 40, and 50 kOe applied parallel to the measuring current.
TP�H� is the temperature point where the temperature derivative of
the resistivity is maximum.

CORRELATION BETWEEN THE MAGNETIC… PHYSICAL REVIEW B 77, 134503 �2008�

134503-5



IV. CORRELATION BETWEEN ZERO RESISTIVITY AND
MAGNETIC IRREVERSIBILITY

The usual idea that the irreversibility line is a boundary
below which an electric current may flow without resistance
stems from the conventional homogeneous metallic super-
conductors. The high-Tc superconducting cuprates normally
are granular superconductors in which the onset of magnetic
irreversibility takes place as soon as the first loops of
coupled grains form. These grain clusters trap Josephson flux
and lead to irreversible flux mobility. Nevertheless, under
these same circumstances the electric transport still remains
resistive because the well-coupled grain clusters, responsible
for the magnetic irreversibility, still remain disconnected
from each other. The resistivity vanishes only when the grain
coupling strength overcomes the phase entropy and leads to
long-range coherence of the order parameter. The electrical
resistance in granular superconductors is expected to persist
down to temperatures below the irreversibility line and to
vanish only after the phase coherence percolates through the
whole sample.

In order to disclose the correlation between magnetic ir-
reversibility and the zero resistance data of our studied
samples, we plot the irreversibility lines Tirr�H� together with
the corresponding zero resistance Tc0�H� data in the same
figure. Figure 8 displays the irreversibility lines Tirr�H�, as
fitted to the data of the single crystal �SCrZn� in Fig. 2,
together with the corresponding zero resistance data, Tc0�H�.
We have pointed out in Sec. III A that the Tirr�H� data of the
Zn-doped YBa2Cu3O7−� single crystal display only a weak

superconducting granularity. Therefore the zero resistance
data are expected to fall closely below the irreversibility line.
Effectively, while in high fields the Tc0�H� data fall, within
our experimental precision, about the irreversibility line, in
the low-field region, where the experimental precision is bet-
ter, they fall systematically underneath the irreversibility line
for both field directions �see inset in Fig. 8�.

High-quality melt-processed YBa2Cu3O7−� materials con-
taining less than 25 wt % of the Y211 phase, usually exhibit
no superconducting granularity.12,25 Nevertheless, higher
concentrations of the Y211 phase are known to cause mis-
alignment of the c axis, reducing the planar anisotropy.20,25

Our sample contains 30 wt % of the Y211 phase and exhibits
a relevant superconducting granularity. This granularity is
evidenced1–3 by the presence of the AT and GT power law
regimes in the low-field irreversibility data �see inset in Fig.
3�. This granularity arises mainly from misalignment of the c
axis. Although the ��

−1�T� curves of this sample disclose a
characteristic hump below the pairing transition, due to grain
coupling and the coherence transition, we were not able to
identify power law regimes there. Apparently the coherence
transition takes place too close to the superconducting tran-
sition so that it is buried by it.

Figure 9 displays the irreversibility lines of the melt-
processed sample, as obtained from fittings to the irrevers-
ibility data in Fig. 3 for both applied field directions, together
with the corresponding zero resistance data, TR=0�H�. Note
that, in our measurements, the measuring current flows along
the same ab planes for both field orientations. While for
H �ab plane and H �J the zero resistance data �closed circles�
fall closely underneath the corresponding irreversibility line,
for H �c axis and H�J �open circles� they split strongly
away from the irreversibility line toward lower temperatures.
Our melt-processed sample is a relatively large parallelepi-
ped, not a twinning monodomain, and so the twinning do-
mains must be nearly random in the ab plane. Their direction
also must be scattered somewhat about the average c axis,
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suring current in the ab plane and fields of the indicated values
applied �a� parallel to the ab plane and �b� along the c axis. The
inset exemplifies our method of finding the point of zero resistance
TR=0�H� in this case. Note the large anisotropy of ��T� with respect
to the field orientation.

FIG. 8. Irreversibility lines of the SCrZn sample, as fitted in Fig.
2, together with the zero resistance data Tc0. The closed circles are
for fields applied parallel to the ab plane and the open circles are for
fields along the c axis. The experimental error in Tc0 is roughly the
size of the circles. The inset highlights the data in low fields.
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due to the noncollinearity of the crystallite c axes. Therefore,
while flux pinning by the twinning planes certainly contrib-
utes somewhat for fields applied along the c axis, its contri-
bution for fields along the ab plane must be irrelevant. It also
is observed that the irreversibility data disclose a much re-
duced c -axis ab -plane anisotropy. This is due to the spread-
ing out of the c axes of the different crystallites and the
consequent noncoplanarity of the ab planes. The irreversibil-
ity and magnetoresistance data also certainly comprise the
effects of the strong isotropic pinning of the Y211
inclusions.12 However, besides all these contributions to the
pinning, the magnetoresistance and magnetic irreversibility
data of our melt-processed sample also discloses the effects
induced by the applied field on the grain coupling. In this
sense our data complement the data of Ref. 12. The origin of
these granularity effects will be discussed in detail in the
next section.

Our polycrystalline sample exhibits a strong supercon-
ducting granularity, as is shown by the very clear presence of
the AT and GT regimes in the low-field irreversibility data.
The magnetoresistance data, displayed in Fig. 6, also dis-
close a clear grain coupling process. Therefore the zero re-
sistance points Tc0�H� could be found by extrapolating the
power law regimes in the ��

−1�T� curves to the temperature
axis. In spite of the field being applied parallel to the mea-
suring current, H �J, the zero resistance data of this sample
fall considerably below the irreversibility line already in low
fields and split away from this line very steeply when the
applied field increases. These data fall already 17 K below
the irreversibility line when the field attains H=8 kOe �see
Fig. 10�. In polycrystalline samples the flow of the measur-
ing current through the grain aggregate is highly dispersive
and therefore H �J is microscopically only a rudimentary ap-
proximation. For H�J we would expect a much more dras-
tic effect of an applied field on the resistivity. Our data also
show no indication that the zero resistance data might come
back and meet the irreversibility line somewhere in higher
fields.

V. DISCUSSION

A magnetic field applied to a granular superconductor is
well known to increase the phase entropy.26 The field, while
randomly distorting the phase of the order parameter, weak-

ens and frustrates the grain coupling and favors the phase
fluctuations that result in the increase of the magnetoresis-
tance. These random phase distortions also weaken the abil-
ity of the grain aggregate to pin the intergrain Josephson flux
that dominates in the low-field region. Therefore, in this re-
gion the magnetic irreversibility line exhibits the AT- and
GT-like power laws that are the signature of frustrated sys-
tems. The zero resistance temperature point is particularly
sensitive to the direction of the applied field with respect to
the current flow.27 The effect of an applied field for the dif-
ferent orientations with respect to the crystal axes and with
respect to the measuring current may be highlighted by care-
ful analysis of our zero resistance and magnetic irreversibil-
ity data for the different field-current configurations.

The response of a granular superconductor to an applied
magnetic field usually is described in terms of the effective
Josephson coupling Hamiltonian:26

H = − �
i,j

Jij cos�	i − 	 j − Aij� . �4�

Here Jij are the phase coupling energies between neighboring
grains i and j and 	i−	 j is the phase difference of the
Ginsburg-Landau order parameter on the grains i and j. The
phase displacements Aij, caused by the applied magnetic
field, are given by

Aij =
2


�0
	

i

j

A� · d�l , �5�

where �0 is the elementary flux quantum, A� is the vector
potential along the weak link between grains i and j, and the
line integral is evaluated between the centers of grains i and
j. Equation �5� shows that an applied field causes phase dis-
placements of the GL order parameter along those weak links

which extend along the vector potential A� . In other words,
the Aij are large along weak links that lie transversely to the
applied magnetic field but may vanish along the weak links
oriented parallel to the applied field.

Due to the dependence of the phase displacements Aij and
the associated grain decoupling effect on the direction of the
applied field with respect to the weak links, the magnetic

FIG. 9. Same as Fig. 8 but for the Melt-Tex sample.
FIG. 10. Same as Figs. 8 and 9, but for the Poly-I sample. Open

circles are the irreversibility data and closed circles are zero resis-
tance data. The asterisks indicate the approximate superconducting
transition temperatures.
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irreversibility and the zero resistance limit of granular super-
conductors depend strongly on the field-current configura-
tion. If, for instance, the field is applied along the c axis and
the measuring current flows in the ab plane, the degradation
of the conducting junctions is expected to be strong, leading
to a considerable increase of the resistivity and a large dis-
placement of the zero resistance point to lower temperatures.
This is corroborated by the large displacement of the zero
resistance limit to lower temperatures with respect to the
locus of the irreversibility line in the data plotted in Fig. 9
and also agrees with the results of ��T� for a Ca-doped single
crystal,27 which undergoes a considerable displacement for
H �c axis and J �ab plane. If, however, the field direction is
parallel to the measuring current in the ab plane, the effect of
the field on the weak links carrying the current is expected to
be much smaller. This is what is seen in Fig. 9 and also is
corroborated by the data on the Ca-doped single crystal27

where the resistivity undergoes only an irrelevant displace-
ment for H �J.

In the case of the polycrystalline sample �Poly-I�, in
which the links between the grains are much weaker, the
effects of the applied field on the grain coupling is very
drastic even for fields applied parallel to the intended mea-
suring current. Obviously, in granular superconductors the
direction of the measuring current is microscopically dis-
perse because of the complicated coupled grain arrays that
percolate through the sample in complicated loops. When
H�J the decoupling effect of the applied field may even be
much stronger.

VI. CONCLUSIONS

Our experimental results show clearly that the zero resis-
tance in granular superconductors is inexorably ruled by
grain couplings. These results also show that the effect of an
applied field on the resistivity depends strongly on the field-
current configuration. In single crystals, having a weak su-
perconducting granularity, the electrical resistance vanishes
very close to and underneath the magnetic irreversibility line,
especially when the applied field lies parallel to the measur-
ing current. However, in the case of samples with a strong
superconducting granularity, our data show that an applied
magnetic field severely degrades the grain couplings extend-
ing transversally to the applied field, that is, lying along the
vector potential of the field. The electrical resistance, for
current flowing along the weak links affected by the applied
field, vanishes only far below the irreversibility line. Never-
theless, the weak links lying parallel to the applied field are
much less affected. Our data also strongly exclude the pos-
sibility of the zero resistance and the magnetic irreversibility
data of granular superconductors coming back and meeting
together somewhere in high fields.
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