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Critical-state-model parameters of polycrystalline YBazCuzeq. . Critical current
in thin slabs and field penetration in hollow cylinders
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We compare the parameters of the generalized critical-state model (GCSM) used to reproduce
data obtained from two independent measurements: the critical current of thin slabs and the field
penetration in a hollow cylinder, both as a function of the applied magnetic field and temperature.
We obtain a good correspondence between the parameters for a thin slab and those for a hollow
cylinder in the case of fully oxygenated material. Prom critical-current measurements, we also
observe that the temperature dependence of the GCSM parameters is afFected by the quality of the
junctions (their resistance) and the level of oxygenation at the surface of the grains. The infiuence
of the intergrain lower critical field in the determination of I, is also considered.

INTRODUCTION

The initial studies of the transport and magnetic
properties of polycrystalline high-critical-temperature
(high-T, ) superconductors have revealed their weak-link
nature. As an example, the critical current (I,) de-
creases abruptly with the applied magnetic field, 's's be-
ing affected by a field as low as 5 G. This feature can
be analyzed using the fact that each grain boundary be-
haves as a Josephson junction. In the presence of a small
magnetic field, Josephson vortices first penetrate the in-
tergrain regions at the surface of the sample. Because
there is a disordered array of Josephson junctions, these
vortices can be pinned: this gives rise to a field pro-
Gle in the sample and corresponding induced macroscopic
currents, which are observed through the low-Geld hys-
teresis in the magnetization2 (for more details, see Ref.
11). As one increases the applied magnetic field, the local
field in the intergrain region becomes more and more uni-
form and the grains are virtually decoupled (the width of
the low-field hysteresis cycle, EM, tends to zero). Once
the lower critical field of the grains, H, i~, is exceeded,
Abrikosov vortices begin to penetrate the grains: another
hysteresis cycle appears and is related to the intragrain
pinning.

In the work presented here, we concentrate on the
study of the intergrain pinning, which determines the
field dependence of the macroscopic (sample) critical cur-
rent density, J~(H). We present the results of two in-
dependent experiments: the measurement of the critical
current (I ) in thin slabs and the field penetration in
a hollow cylinderiz i4 (measured as H„„i),both as a
function of the applied magnetic field and temperature.
We reproduce the I,(H ) data using a method first pre-
sented by Muller, Matthews, and Driver for polycrys-
talline YBa2Cu307, which can be followed in more detail

in Ref. 16 (in this work, Lealanc also includes the con-
tributions of the reversible currents when H, i cannot be
neglected). This procedure uses the critical state model
to determine I,(H ).i7 Typical results are well illustrated
for several critical state models in Ref. 15 and can explain
the dependence of I, with the sample dimensions as seen
by several authors. The best results are obtained with
an H 2 dependence for J,~(H).

Here, we use the generalized critical state model
(GCSM), which gives the critical current density as a
function of the local magnetic field H(r):

Jp
I1+ I H(r) I

/Hoj" '

where n, J 0, and Ho are the three parameters that we

obtain as a function of temperature by fitting I,(H ).
Then, we compare them with the ones determined with
a hollow cylinderi4 of the same material. We finally ex-

tend our analysis to explain the effect of various heat
treatments. This allows us to relate important charac-
teristics of the microstructure to the GCSM parameters.

EXPERIMENTAL SETUP AND PROCEDURES

Sample preparation

The polycrystalline YBa2Cu30y pellets are prepared
by the usual sintering route, using Y203, BaCO3 and
CuO as starting materials. The nominal 1:2:3composi-
tion is first calcined at 900 C for 48 h in air (with an
intermediate grinding after 24 h) and furnace cooled to
room temperature. The resulting powder is ground and
pressed into pellets of 12.5-mm diameter and approxi-
mately 2-mm thickness. The batch of 10 to 15 pellets
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are then treated at 940'C for 48 h in ultra-pure oxygen

(UP 02) at 1 atm. While decreasing the temperature, a
further step at 410'C for 48 h in the same atmosphere is

required to ensure saturation with respect to the oxygen
content. Two pellets of the batch are kept for critical
current measurements and for characterizations (x rays
and resistivity). The rest is used to build the hollow

cylinder. This ensures that both experiments are done
with samples made of an identical grain size distribu-
tion. The powder x-ray difFraction (Cu Ka) reveals a
single orthorhombic phasez for all samples.

the desired temperature above or below 77 K, respec-
tively. Once the temperature of the sample is stabilized,
one can proceed with the measurement of the V-I curves
for an increasing applied magnetic Beld. The critical
current is determined using a voltage criterion of 1 pV
(Ref. 23) (giving approximately 2 pV cm i for all the
samples). The magnetic Beld is applied along the width
such that the critical state (and the field profile) is es-
tablished along the thickness: in the analysis, we focus
on the applied field and the self-field along the width.

Measuring l,(~ )
Measuring SI, q(H )

For this experiment, we cut the first two YBazCus07
pellets in the shape of long thin slabs with typical di-
mensions of 0.2—0.4-mm thickness, 1.2—2-mm width, and
10-mm length. A thin slab is used here to avoid com-
plications due to the geometry: in our case, as one in-
creases the transport current along the length, the domi-
nant contribution to the self-field appears along the width
as shown in Refs. 15 and 16. Six contact pads are made

by applying silver paste which is then briefiy annealed at
900'C. The sample is then oxygenated at 410'C in UP
Oz for various periods. z The additional heat treatment
at 900'C implies a decrease of the oxygen content. To
return to the saturated level of oxygen in the thin slabs,
several heat treatments at 410'C are tried. Here, we

compare the results &om three samples shown in Table
I. Sample 6H is treated for six hours at 410'C in UP
Oz. After the I, measurements, we use the same sample
to obtain D6H: 6H is first left in the degrading ambient
atmosphere for 1 month. Then, new Ag pads are applied
and are heat treated at 900'C. The oxygenation step at
410'C is extended to 48 h to ensure sufFicient oxygen
content. Finally, 48H is a sample &om the same root
pellet but with a heat treatment at 410'C lasting 48 h.
Table I also shows the dimensions of the slabs, their resis-
tivity at 100 K and their sligthly different T,o (at which,

p = 0) as determined by the resistivity measurement.
In Ref. 22, we present the experimental technique used

for the measurement of the critical current at several
temperatures, while the sample remains in direct con-
tact with liquid nitrogen (LNz). In summary, the sample
is first iniinersed in LNz in zero (earth) field. The LN2
container is sealed such that one can then increase the
nitrogen gas pressure or pump on the liquid to achieve

The hollow cylinders (HC's) are obtained by stacking
up several pellets. A small hole is drilled initially in each
pellet and then gradually enlarged by sandblasting giving
a wide range of wall thicknesses for this fragile material
(&om 1 to 4 mm). The central field is detected as a func-
tion of the applied magnetic field using a Hall probe of
10 cm s n-type GaAs. All the measurements are made
with the sample initially cooled in zero (earth) field by
a closed cycle re&igerator (10 to 300 K). The field is ap-
plied along the symmetry axis of the cylinder and never
exceeds the lower critical Beld of the grains (H, is).i4 In
Table I, we also add general information about the ge-
ometry, resistivity at 100 K and the T, of HC.

RESULTS AND DISCUSSION

Critical current of thin slabs

Figure 1 presents an example of the critical current
of our samples (48H) as a function of the applied mag-
netic field for three difFerent temperatures. As already
observed, I, presents an abrupt decrease for low
applied fields. In the inset of Fig. 1, it is also shown
that the temperature dependence of I,0jS is sample-
dependent (here, I,o is the zero-field ciitical current and
8 is the cross section of the slab). One can also observe
(not shown here) that the field at which I, = I,o/2 is
difFerent for each sample at a given temperature and in-
creases generally with I,o. Both observations prove that
the extent of the 410'C treatment has a direct impact
on the quality of the samples and should have a very
important e8ect on the values of the GCSM parameters.

TABLE I. Details of the sample preparations and general properties.

Sample
6H

D6H

48H

410 C treatment
duration (h)

6
48, on 60 after air

degrad. for 1 month
48

Dimensions
(mm')

0.36x 1.20 x 12
0.36x 1.20 x 12

0.21x 2.04 x 12

p(100 K)
(pQ cm)

300
500

130

Tco

(K)
90
89

91

HC
no additional

heat
treatment

wall thickness = 4 mm
ext. diameter = 12.5 mm

length = 9 mm
150 91
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4.0 The GCSM parameters
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FIG. 1. Critical current as a function of the applied mag-
netic 6eld for 48H at various temperatures. The inset shows

the transport critical current density at zero field (I,o/S) as
a function of temperature for 6H, D6H, and 48H.

At this point, we can compare the parameters ex-
tracted &om the critical current in thin slabs and those
obtained &om the hollow cylinder. We underline first
that the exponent n is the same (n = 2.0 + 0.2) in both
cases and does not depend on temperature (from 20 K to
T,). Moreover, this parameter is independent of the ex-
tent of the 410 C treatment and even the degradation in
air. This suggests that it is related to the geometrical as-
pects of the microstructure and that it is independent of
the typical superconducting parameters for a Josephson
junction, such as the coupling energy between two adja-
cent superconducting grains. This value of n = 2.0 re-
Bects the fact that the interfaces of the junctions present
a wide distribution of angles with respect to the local field

H(r) in the sample giving a field dependence of H 2 (see
Refs. 15, 24, and 25).

(&) 1.o

0.8

In Fig. 2, we reproduce the magnetic field dependence
of some I,(H ) curves at different temperatures using
a modified version of the fitting technique already pre-
sented in detail by Miiller, Matthews, and Driver. To

perform the fit, we introduce the measured I,o, which
is related to the full penetration field H„ofthe slab'
as can be easily deduced &om the GCSM. is Neglecting
the contribution of H, i~, the lower critical field of the
junctions, we then obtain
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where Y is the width of the slab. A study of Figs. 2(a)
and 2(b) leads one to note that, as the quality of the
sample improves and the temperature of the measure-
ment decreases (I,o increases), the fits diminish in qual-

ity, whatever the parameters. This problem will be dis-

cussed below.

(b) 4.o

Q

Field penetration in a hollow cylinder

The procedure used to Bt the hollow cylinder data is
described elsewhere. In summary, we determine H, „t
as a function of the eff'ective (or surface) field H, rr. Be-
cause the length of the cylinder is comparable to its di-
ameter, a signi6cant change in the applied 6eld is ex-
pected kom the magnetic field produced by the induced
currents: we take this into account by introducing a de-
magnetizing factor. Then, one has to evaluate the mag-
netization of the cylinder as a function of H,g, multiplies
it by the demagnetizing factor N and add vectorially the
demagnetizing Geld to the applied one. One can then
obtain the entire hysteresis loop, H, t, as a function of
H . Several features of the demagnetizing efFects with
this type of geometry can be reproduced, and we refer
the reader to the Ref. 14 for more details.
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FIG. 2. Fits of I,(H ) for (a) 6H at 77.4 K aud (b) 48H
at 67.5 K. Also shown iu (b), the dashed I, curve obtained
with the interpolated hollow cylinder (HC) parameters. Here,

n = 2, and J 0 and Ho are shown in Figs. 3 and 4, respec-

tively.
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J,p is the local critical current density in zero field.
More precisely, it is the average current density needed
to depin a single intergrain vortex. Following the analysis
of Lobb et al. ,s' this depi~~ing current density is related
to the current density of a single junction, Jp(T), given by
the Ambegaokar-BaratofF equation. 2 J,p(T) can then be
expressed as this Jp(T) multiplied by a factor (f) taking
into account the strength and type of intergrain pinning
centers: '
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FIG. 3. J,p as a function of temperature for D6H, 6H,
48H, and HC. The dashed lines are guides to the eye.
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FIG. 4. Hp as a function of temperature for DGH, 6H,
48H, and HC. The dashed lines are guides to the eye.

Figures 3 and 4 present the temperature dependence
of J,p and Hp, respectively, for the three thin slabs and
the hollow cylinder. We first observe that the param-
eters for the 48H slab correspond mostly to the ones
obtained &om the hollow cylinder (HC). This excludes
the point at 67.5 K, which is influenced by the neglected
contribution of the reversible currents (see below). With
the exception of the latter contribution, this means that
the GCSM model, or any other critical-state model ca-
pable of fitting one of the experiments, describes fully
the magnetic and transport properties of polycrystalline
YBazCusOr in low fields.

The degradation in air (D6H) has a very important
effect on J,p, compared to that of the oxygen deficiency
(6H), while Hp is strongly and equally infiuenced by both
treatments. These simple observations help us to relate
J,p and Hp to the microstructure and to the supercon-
ducting properties of the grains.

where 6(T) is the superconducting gap of the grains
and RN is the normal resistance of the junctions. Since
there must be some distributions of dimensions, nor-
mal resistances and microstructure defects in our ma-
terials, an adequate average of all the contributions is
needed. Moreover, Eq. (3) is valid only when the grains
are identical on each side of the junction. Because the
YBa2CusOr grains are anisotropic and they are ram-
domly oriented, one has to include an anisotropy factor
and take the average over the relative orientation distri-
bution. We add here that Jp(T) can also be influenced if
the Josephson junction is made of two superconductors
in the strong-coupling limit (2hp/k~T, ) 3.52) thus in-
fiuencing J,p(T). Both features, the anisotropy (different
gaps) and the strong-coupling case, are treated in chap.
3 of Ref. 25. All this leads to the conclusion that the
temperature dependence of J,p is a complicated average
of the contributions listed above.

An interesting feature of our data is the efFect of
air degradation (D6H) compared to the oxygen defi-
ciency (6H) on J,p(T). We ascribe the significant de-
crease of J,p for D6H to the appearance of the green
phase (Y2BaCuOs) during the degradation process, as
seen using an optical microscope. Even after the 48-h
treatment in UP 02, an incomplete recovery of the sat-
urated properties (48H) is observed, which is indicative
of an irreversible degradation. This increases the nor-
mal resistance of the junction (R~) and a decrease of J,p

follows.
We must now deal with Hp and its initial positive cur-

vature near T, . This parameter is often taken to be
a constant for a fixed temperature and to be sample
dependent. Only few authors ' have attempted to
explain its physical meaning. In a previous paper, we
stated that Hp is a measure of the field at which J,~ (H)
begins to decrease. When H « Hp, the fiux lines are well

separated and no vortex-vortex interaction is expected,
since the intervortex distance, say ao, is larger than Ap,
the intergrain penetration depth. 3 In this condition, all
the vortices find a pinning site. As the local field in-
creases, the density of Bux lines increases and reaches a
state such that all the pinning centers are occupied (per-
fect matching): this defines a field Hp. The next flux line
that is added cannot be pinned directly and must find an
equilibrium position in the Bux line network. This Qux
line is then easier to depin and one expects the corre-
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sponding threshold magnetic field (Ho ) to correspond to
the first decrease of J,~ with H and to be related to Hp
with the same temperature dependence. If we evaluate
this magnetic field in the case where Ag ) rs (rg: mean
grain radius) as shown in Fig. 5, we first note that Ns
grains are embedded in a single Bux quantum: the value
of Xg is then given approximately by the ratio A~&/r2.

Since the Hux is concentrated in the intergrain region
and at the surface by the grains within the mean Lon-
don penetration depth As (the interior of the grains be-
ing completely screened), each grain contributes an area
As 8rsAs to the total area embraced by the Bux quan-
tum. This allows an evaluation of Ho (see also Ref. 14):

The eKect of H, ~,.

Ico ——2Y(H„+Hei~ ). (5)

In the calculations of Ref. 15, the intergrain lower crit-
ical field H, q~, was neglected. As shown by LeBlanc, it
can contribute significantly to I if H q~ is comparable to
the characteristic fields obtained from the critical-state
model (for example, Hz): this happens when the thick-
ness of the slab is very small as in our case. Looking at
the contribution at zero applied field, we obtain:

4o lors
NOAs 8A2~Ag

'

where $0 is the quantuin of flux. In Eq. (4), AJ and Ag

are bothproportionalto (1 T/T, ) i—~ near T„suchthat
Ho cc (1 —T/T, ) ~z, in qualitative agreement with the
observed positive curvature. Since Ag varies as Jo(T)
(see Refs. 7 and 31), we expect H& (and Ho) to be in-

fluenced by an increase of the normal resistance of the
junctions (Ho should then be proportional to B~) as
seen with D6H: a further indication that the normal re-
sistance of the junctions increases with this degradation
is the higher 100-K resistivity for D6H (see Table I). It
is also possible to affect Ho by changing the oxygen con-
tent at the grain surface (as in 6H), thus increasing Ag.
We must note here that J,s for 6H is not significantly
different from the 48H one. It indicates that most of
the oxygen desorption during the 900'C step occurs at
the grain surfaces exposed to the ambient atmosphere
(voids) and that the oxygen level remains high at the
grain boundaries.

To evaluate H, i~ at 67.5 K for 48H, we interpolate the
HC parameters to obtain J,e and Ho. We then use these
parameters to calculate the I,(H ) curve. The result is

shown in Fig. 2(b). We observe that this theoretical
curve is well below the experimental one, which is in-

dicative of the efFect of H, i~ The d. ifference between the
two values of I,o gives a direct evaluation of H, i~. We
find H, i~ = 1.3 G. This contribution decreases as one ap-
proaches T, and it becomes difficult to observe its efFect.

Finally, we want to comment on the presence of
H, i~. When one adds intergrain silver (Ag) to these
materials, 2 one observes a marked decrease in the width
of the low-field hysteresis loop (b,M), while the critical
current (density) at zero applied field seems to remain
constant or even to increase. Recalling that in the sim-

ple Bean model, ss 6M is proportional to J, (here, it is

J,~), one concludes that the intergrain critical current
density is depressed by the dilution of the volume &ac-
tion of grains with Ag. This will mainly influence Ho.
However, the presence of Ag improves the junction con-
tacts, which can result in an increase of H, q~ through an
enhancement of J,p and a reduction of AJ.

SUMMARY'

21

FIG. 5. Schematic of superconducting grains embedded in
a Qux quantum in the case Ag ) r~.

In this paper, we demonstrate the applicability of the
general critical state model GCSM to the description of
the magnetic and transport properties of polycrystalline
YBa2Cus07 in low fields (the intergrain regime). We
find an agreement between the fitting parameters from
the critical current of a thin slab and the ones &om the
field penetration in a hollow cylinder, both as a function
of applied magnetic field. The three corresponding pa-
rameters, n, Hp, and J p, can be ascribed to the details of
the microstructure (as the mean grain radius, the relative
grain orientation, the mean orientation of the junction
interfaces relative to the local field) and the general elec-
tronic and superconducting properties (as the junction
normal resistance, the mean London penetration depth,
the gap anisotropy, and the strong coupling).

We find that the various heat treatments can in8u-
ence these parameters. The oxygen deficiency (at the
surface of the grains) afFects the mean London penetra-
tion depth and thus Hp. The air degradation increases
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mainly the normal resistance of the junctions, and there-
fore decreases both J,o and Ho. No elfect on n is found

suggesting that it is independent of the superconducting
properties of the grains.

Finally, we find that the presence of H, q~ becomes in-

creasingly important when dealing with very thin slabs of
increasing superconducting quality (e.g. , decreasing tem-
peratures) .
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