Generation of J.(H.) hysteresis curves for
granular YBa,Cu3;0O;_; superconductors*
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The experimental hysteretic behaviour of the transport critical current density J (H,)
observed in granular YBa,Cu3;0,_; has been compared with the analogous theoretical
curves resulting from a well known model based on the effect of flux trapped by the
superconducting grains at the intergranular junctions. The magnetization of the grains
was calculated for different values of maximum applied field H,, using the Bean model;
at the same time the statistical distribution of the qualities of the junctions was taken into
account. This approach was seen to predict the evolution of hysteretic J.(H,) curves for
different values of H,, with reasonable accuracy.
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Although the dependence of the transport critical current
density J, on the external field has been extensively
studied in ceramic superconductors for increasing fields,
much less work has been done on the hysteretic
(decreasing field) J, versus H curves'™>.

Evetts and Glowacki? gave a qualitative explanation
of the hysteretic J, versus H behaviour by analysing the
effect that the flux trapped by the superconducting
grains, or by persistent loops in the wake link network,
produces on the weak links between grains, which are
supposed to control the transport critical current density
in these materials. In this picture, a minimum in the
effective field at the junctions provokes a maximum in
the decreasing field J, versus H, characteristic.
However, only a few attempts have been made to deter-
mine a quantitative approach to the problem. In
reference 3, for example, a hysteretic J. versus H,
curve is generated, based on a model in which flux is
trapped by persistent loops in the weak link network

(WLN) instead of the grains, but fits to experimental ,

data are not shown. Other work (see, for example,
reference 6) concentrates on the ‘internal field” acting at
the weak links in a way akin to the qualitative Evetts and
Glowacki model. Navarro and Campbell’, however,
calculated the ‘intergranular’ field of a medium of
spherical grains, obtaining no minimum for either an
increasing or a decreasing field, which is interpreted by
the authors as strong evidence against the Evetts and
Glowacki picture. In this paper, we work through the
basic idea of the model given in reference 2 quan-
titatively and compare the results with experiments for
the case of an YBa,Cu;0,_; ceramic sample.

* Paper presented at the conference ’Critical Currents in High T,
Superconductors’, 22 — 24 April 1992, Vienna, Austria
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Theory

Fitting formula

If we regard the ceramic superconductor as a random
assembly of type II superconducting grains intercon-
nected by S-I-S Josephson junctions®, the following
formula® can be used to fit the dependence of J, on the
external magnetic field, when it is increased after zero
field cooling (ZFC)

sin wH,/H,

B(H,) wH./H

Jc(He H, (max)
e S dH, (1)

J.(0)

H, (min)

Here, J.(0) is the critical current density at H, = 0 and
(H,) is a statistical distribution of H, normalized
to unity, where H, is the field value for which the
first flux quantum penetrates a Josephson junction. Any
experimental J.(H,)/J.(0) dependence can be fitted by
formula (1) if an appropriate distribution Q(H,) is
chosen.

Let us assume that the magnetic field has been
increased to a value H,, > H,,,, where H, is the first
critical field of the grains, so they have been partially
penetrated by the field following some critical state
model. Then, when H, is decreased, the junctions ‘feel’
an effective field H,y, which is roughly the resultant
value of the vectorial sum of the external field plus the
field at the junctions associated to grain magnetization,
H,.
?f one assumes that the grains are thin slabs with their
long axis parallel to the external field' and that the
width of the Josephson junctions is much smaller than
that of the grains (see Figure 1), one can propose the
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Figure 11 Typical magnetic field dependence of critical current
density of plasma sprayed Y-Ba-Cu-O on nickel, measured at 60 K
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jgure 1 Assumed geometry for calculating the effective field at
he junctions

following expression for the magnitude of Heg between
adjacent grains

Hey = H, — ng 2

Since there are no physical grounds to suppose that the
distribution of ‘junction quality’ Q(Ho) changes when
H, is decreased, we can substitute H, in formula (1) by
H, given by formula (2) to obtain the dependence
J(H,) in the decreasing field regime

sin wH.x/H,

0 dH, 3
7l-I{eff/Ho ( )

JHY _ [P o
J.(peak)

H, (min)

Here, we have normalized the critical current density to
its value at the peak of the returning dependence,
J(peak), while Q(H,) is normalized to unity. This
means that formula (3) contains no information relative
to the depression of J.(peak) below J.(0) for experimen-
tally observed increasing values of H,*. This
phenomenon can be explained qualitatively with the help
of Figure 1. Despite the fact that H. is given by
expression (2) in regions such as 1, there are zones such
as 2 in which H, is never compensated by the field
associated with grain magnetization; on the contrary, the

effective field always increases as H, does. Then, if we -

assume that J.(H.) is affected by the effective field at
both regions due to its percolative character, its
maximum value will fall below J.(0) as H,, increases.

Calculation of Hg;

To obtain expressions for Hy, we first determined the
magnetization M of the grains for decreasing external
fields as a function of the maximum applied field H,,.

We calculated the evolution of M(H., H,) from
H. = H,, (applied in ZFC conditions) to H, = 0 for the
case H,;, < H* using the ‘conventional’ formulation of
the Bean model'!. The geometry of the grains and their
orientation relative to the external field were supposed
to fulfil the conditions depicted in Figure 1.

For convenience, we worked in three qualitatively dif-
ferent regions of H,, and split the highest H,; region
into two ranges of H,. The results (geometrically
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Figure 2 Hix) profiles when H, decreases from He = Hm (lighter

lines) to He = O (bold lines) calculated using the Bean model for:
{a) Hm = 2H*; (b) 2H* =z Hm = H*: (c) H* 2 Hn =0

illustrated in Figure 2) are as follows.

If H, = 2H*:

M= — H, + H, — H*2 — (H, — H)*/4H* @)
when H, = H, = H,, — 2H*

M =H*2 )

when H,—2H*=H, =0

If 2H* = H,, = H*:

M= — H. + H,, — H*/2 — (H,, — H)*/AH* (6)

IfH*=H,=0:.

M = H*2 + [(H, + H)* — QH* — H,, + H)QH*
+3H, + H,,)1/8H* @)

M(H,, H,) is related to the ‘field profile’ H(x) shown
in Figure 2 via M = (H(x)) — H.. Curiously, although
(4) and (5) match the expressions given in reference 12
well, (6) and (7) were not found in the available
literature.

The effect of magnetization of the grains at the junc-
tions is then given by )

H, = GM(H., Hy,) ®)

where the magnetization is described by Equations
@—(Tyand Gisa geometrical factor roughly estimated
to be 10! (see Appendix).

The case in which H,,, is not negligible compared to
H* requires modification of Equations (4)—(8) since it
is necessary to take into account not only the volume
magnetization (calculated using the Bean model), but
also that associated with surface currents®'>. This case
will not be considered here.

Experimental details

Sample preparation

' We prepared sample 1 using a liquid solution solidifica-
tion technique, following the main steps described in

Cryogenies- 1993 Vol 33, No -3 309
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reference 14. Stoichiometric amounts of Y,0;, CuQO
and Ba(CH;COO), were dissolved in HNO;, HNO,
and H,O; respectively. After mixing the three solu-
tions, we added an aqueous solution of citric acid plus
100 mi of ethylene glycol (5% v/v). We then heated the
system until a polymeric resin containing Y, Cu and Ba
cations in the desired proportions was obtained. The
resin was then heat treated at 500°C for 15 h to remove
the organic components. The resulting material was a
grey, very fine powder aggregate which was subse-
quently treated at 840°C for 16 h, pressed into pellets at
1.1 t cm 2 and sintered at 920°C for 16 h, followed by
a 1°C min~' cooling to room temperature in flowing
oxygen. From the 3pellets we then cut bars of dimensions
10 X 1 X 0.5 mm°, which were suitable for four-probe
measurements.

J.(H,,, O) versus H,, curves

An external field H,, was applied in ZFC conditions
perpendicular to the current flow along the longest axis
of the samples and then decreased to zero, whereupon
the critical current density was measured via the four-
probe technique using a 107> V c¢m ™! criterion. The
entire process was performed for each value of H,,
having first erased the magnetic history of the previous
measurement by taking the sample outside the Dewar for
a few seconds in order to exceed the critical
temperature.

The resultant J.(H,, 0) versus H, dependence was
used to obtain values of H, and H*, following the
method described in reference 13 (see below).

J.(H.) curves

First, a J, versus H, curve was obtained by increasing
the external field from zero to H,,, in which the sample
was kept for a few seconds. A second curve was then
obtained by decreasing the magnetic field from H, to
zero. The whole process was repeated for each value of
H,,, having first erased the magnetic history of the
sample. The duration of the field sweeps for the dif-
ferent H,, values was kept approximately constant to
avoid artefacts due to flux creep. The relative orientation
of the external field as well as the method for measuring
J. correspond to those described above.

Results and discussion

Figure 3 shows the J (0, H,) versus H,, characteristic
obtained. Following the analysis given in reference 13,
H,, =80 A m™' is the statistical lower limit of the
first critical field of the grains. On the other hand, we
obtained H* = 2786 A m~' by introducing H,,, and H,
extracted from Figure 3 into the equation H, = H,,, +
2H* (reference 13). Both values showed good agree-
ment with those determined from the M versus H loops
obtained using vibrating sample magnetometry's. It
should be stressed that this very low value of H,, is
quite atypical of high 7, ceramic grains, for which the
order of magnitude of this term is generally accepted to
be 8000 A m™' (see reference 16). However, when
compared to other samples, the J(H,) behaviour of our
sample does seem to be representative of YBa,Cu, O7 s
ceramics.
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Figure 4 Experimental and theoretical J.(H.) characteristics for
the increasing-field regime

Figure 4 shows the experimental values of the
J(H.)/J(0) dependence for the increasing-field regime
(‘virgin curve’), as well as the fit made following
formula (1), with a skewed triangular distribution
Q(H,) described by H (minimum)=400A m™',
H (peak) =1114 A m~! and H,(maximum) = 3980 A

Fzgure 5 shows the decreasing-field- (‘returning’)
J.(H,)/J (peak) experimental values for H, =955 A
m-! (Figure 5a), H,=1590 A m™' (Figure 5b),
H,=4776 A m™! (Figure 5c) and H,, = 6368 A m™!
(Figure 5d), along with the theoretical curves generated
using the formulae given above.

The modus operandi for the fit of a decreasing-field
J(H,) dependence corresponding to a given H,, value
was as follows. First, we chose the appropriate expres-
sion for M(H,, H,) from Equations (4)—(7), as our
sample fulfils the condition H,, < H*. Then, the for-
mula for H,; with an initial geometrlcal factor of 0.1
was 1nserted into Equations (2) and (3). A theoretical
J.(H,.) curve was then generated following Equation (3)
with the same distribution Q(H,) selected to fit the
‘virgin’ dependence, as noted earlier. This invariability
of ((H,) represents a strong mathematical constraint
for fitting the decreasing-field experimental depen-
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dences. Having compared the theoretical J (H,) curve
for G = 0.1 with the experimental data, the geometrical
factor was altered to obtain the best fit by successive
approximations. From a geometrical point of view, G
‘moves’ along the whole bell-shaped characteristic
parallel to the H, axis. The best fit was selected ‘by
eye’.

The experimental points shown in Figures 5a and b
were fitted using Equation (7) for the magnetization. We
selected G 0.16 for the fit, which is close to the
theoretical value predicted above. The experimental

absence of maxima is also present in the theoretical
curves.

Figure 5c displays the fit made with M(H,, H,,) given
by Equation (6) with ‘G = 0.16. The appearance of a
maximum in the measured curve is predicted by the
theoretical model.

We used Equations (4) and (5) for the magnetization
in the theoretical fit shown in Figure 5d. The
geometrical factor was taken as G =0.16, as in the
former cases. It should bé noticed that the experimental
‘shift’ in the position of the maximum with respect to
Figure 5c is predicted by the theory with reasonable
accuracy. However, the theoretical curve is somewhat
narrower than the experimental dependence, a trend
which is more pronounced for fields above 900 A m~'.
This fact could be explained if we take into account the
statistical character of H,,, and H*. For example, as H,,
increases, the highest H,, grains begin to trap flux,
which ‘broadens’ the statistical distribution of grains
accounting for hysteretic effects. This would
presumably broaden the experimental decreasing field
J.(H,) characteristic as well.

It is remarkable that a single value of the geometrical
factor satisfies the fits for the three H,, ranges: varia-
tions in G could be expected since, for high values of
H,,, the decreasing-field H(x) is ‘concentrated’ at the
centre of the grains, while it ‘moves’ near the surface for
low values of H,,.

The analogous fits we have performed on other
YBa,Cu,0,_; samples (with the necessary adjustments
for non-negligible H,,,) are roughly coherent with the
one described here: both the maximum shift with H,
and the general shape of the curves are predicted by the
model. "

Finally we would like to point out some further limita-
tions of the fitting formulae proposed in this work. For
very large maximum applied fields (i.e. H, > 16 X
10> A m™"), Equations (4)—(7) are no longer valid,
since magnetization of the grains does not follow the
Bean model. This is clearly demonstrated by M versus
H, d.c. loops's. The self-field associated with the
transport currents is another factor tending to cause
deviation of both the virgin and the returning J(H,)
curves from the shape predicted by Equations (1) and
(3): the self-field is stronger at the regions of the curves
with the largest J, values, thus tending to depress those
regions and hence broaden the whole J(H,)
characteristic. Even within the low H,, region, there are
specific ceramic samples which are very difficult to fit
using the formulae given here. Such samples usually
present extremely wide returning J(H,) curves com-
bined with high rates of intragranular flux creep or with
a lack of repeatability in the measurements of the critical
current density (see, for example, reference 17).

Cryogenics 1993 Vol 33, No 3 311
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Conclusions

We have compared experimental results with
decreasing-field J(H,) curves resulting from a model
originally described by Evetts and Glowacki’? in a
qualitative fashion, which was complemented by flux
trapping calculations and statistical modelling of the
grain—junction ‘ensemble’.

The model predicts with reasonable accuracy the
existence of a peak in the decreasing-field J.(H,)
characteristics, as well as its shift to higher values of
external field as the maximum applied field H, is
increased. On the other hand, quite good agreement was
observed between the experimental and theoretical
characteristics, although some differences appeared for
high values of H,,.

These results have two main implications. First, the
Bean model describes quite accurately the low field (i.e.
H,<16kA. m™") evolution of magnetization for
grains of our material, relative to its magnetic history.

Second, our results imply that the simple model used
for the grain—junction ensemble®, as well as the
simplified geometry assumed, fits the experimental
results, although certain factors such as the self-field
associated with the transport current were not taken into
account.

The geometrical factor affecting the flux-line distribu-
tion at the intergranular junctions appeared to be quite
independent of the external field and H,,. And, finally,
its magnitude could be estimated with fairly good
accuracy by regarding the magnetized grains to be sim-
ple magnetic dipoles.
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Appendix: Estimation of G

Let us assume that the grains can be regarded as slabs
of dimensions a X a X ¢, with ¢ > a, surrounded by
four ‘junction layers’ of area a X ¢ and thickness éa, as
represented in Figure 6. The grain magnetization pro-
voked by the external field (applied along ¢) can be
roughly represented by a magnetic dipole moment of
magnitude m = M(H,, H_)V, where V is the volume of
the grains. In such a case, we can take H, as the
average of the z-component of the magnetic fi f&eld over
the junction volume associated with m, which is given
in Cartesian coordinates by

<Hz> — SHz(x’ Ys Z)dV (Al)
fdv

where the integration takes place over the volume of the

junction. It should be stressed that we have not con-

sidered any flux compression due to the presence of

neighbouring grains. Inserting the expression for

Grain .
Junction

//

Figure 6 Assumed geometry for estimating the geometrical fac-
tor
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g4, = H(x, y, z) generated by a magnetic dipole'® in We will define the geometrical factor related to an
(A1) and simplifying the integrals, we obtain isolated grain, G’, as the factor multiplying M(H, H,)
in Equation (A2).

a [ a2 +8a If we assign typical values of a=2 pum, ¢ =10 um
(H,> = MH,, H,) — j j dy (reference 5) and 6a =0.4 um (reference 8), then
—cf2 ar2 G’ =~ 4 X 1072, Since it is clear that at least two grains
a2 (9,2 _ .2 _ 2 contribute to the field on each junction, we can take
2z — x> — y?) , ) Al
X S > 5 (A2) G = 2G’, so the order of magnitude of G is 10~".
~al2 (x + y + Z)



D.c. field tuning of inter- and intragranular
effects in Y-Ba-Cu-O ceramics”
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Instituto de Ciencia de Materiales de Aragon, CSIC-Universidad de Zaragoza, Centro

Politécnico Superior de Ingenieros, Maria de Luna 3, Zaragoza E-50015, Spain

The validity of critical state models (CSM) for the description of Y-Ba-Cu-O high
temperature superconducting ceramics is checked at temperatures above that of liquid
nitrogen. Isothermal magnetic a.c. susceptibility components at different excitation fields
and in the presence of ad.c. tuning field, d.c. magnetization and critical current transport

measurements are reported. Full analysis o

f all these data with the same set of CSM

parameters leads to the derivation of the most adequate model for intergranular

behaviour.

Keywofds: high T, superconductors; Y-Ba-Cu-O; critical state

The heterogeneous nature of ceramic high temperature
superconductors (HTSC) strongly influences their
magnetic and electric transport properties, and therefore
their applications. Provided that at the temperatures of
interest the penetration length, N(T), is much smaller
than the average grain dimensions, two coexisting type
II superconducting media may be considered: strong
superconducting _ grains and a weak link network
between them. Furthermore, when the differences in
intensity of the inter- and intragranular superconducting
properties are high enough, both effects may be
experimentally separated. Thus at constant temperature
the d.c. field may tune into one or the other effect.

Accordingly, analysis of both inter- and intragranular
irreversible magnetic properties of HTSC ceramics may
be performed using adequate critical state model (CSM)
solutions'? that take into account appropriate
phenomenological field dependencies of the local critical
current density. These include the potential model**,
where J.(H)=Jo/ |HI", Kim’s model>®, where
J.(H) = (JoH)I(|H | + H,); as well as a quadratic
expression’, where J(H) = J H2)/(VH| * + H}); an
exponential expression®’, where J.(H) = Jqo exp(—
[ H|/H,); and other generalized expressions ', where
J.(H) = (JoHDI(VHI + H,)* and H is the local field.
In addition, in the study of intergranular properties, the
heterogeneous nature of HTSC may be introduced by an
effective permeability, peer which is a measure of the
volume shielded by intragranular currents. In all these
cases it is necessary to develop a method to fit the
experimental data by obtaining a set of CSM parameters
Ueo> Hy» fcers B) OF (eog> H,,, B,) that characterize the
inter- or intragranular properties, respectively, of the
sample at a given temperature.

* Paper presented at the conference ‘Critical Currents in High T¢
Superconductors’, 22 — 24 April 1992, Vienna, Austria
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In the analysis of the temperature variation of the
magnetic and electric transport properties, the CSM
characteristic parameters change through a priori
unknown functions of T. Generally, satisfactory data fits
are obtained but the CSM parameters, which are not
easily verified experimentally, do not allow investiga-
tion of the different J.(H) dependencies. In a previous

“study'?, a method to obtain the intergranular CSM fit-

ting parameters has been derived. As is well described
in the literature'>'? this method uses the height and
position of the susceptibility’s out-of-phase component
maximum as a function of the a.c. field amplitude (h).
Indeed, the maximum hy values generated by a par-
ticular apparatus limit the range of temperatures in
which those fits are possible. This experiment,
therefore, in most cases allows only the study of
intergranular effects.

Up to now, most of the intergranular properties have
been obtained from a.c. susceptibility measurements
[x(he)], and intragranular effects have been studied
using magnetization techniques. The superposition of a
polarizing d.c. field (H,) parallel to hy and the
measurement of x(hg, Hy.) permit tuning into both con-
tributions. In addition, at fixed temperatures, using dif-
ferent values of H,, and hy, the degrees of freedom in
the CSM parameters may be reduced, and thus com-
parisons of the different models are possible. '

In the present work different CSM predictions have
been compared with appropriate measurements on a
cylindrical Y-Ba-Cu-O ceramic sample. Both com-
ponents of the a.c. susceptibility [x'(ho, Heo) and
x"(hy, Hy)] have been used, together with measure-
ments of the a.c. susceptibility’s third harmonic
[x3(Hy) ], d.c. magnetization [M(H,;)] and transport
critical current  [J.(Hy)], performed ‘at 83 K.
Theoretical predictions of x(ho, Hy), x3(Ha) and
M(H,) have been derived to analyse the differences




