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Abstract. Microwave absorption was measured in highly oriented ceramic samples of
YBa2;Cus0Os9 obtained by melt-quenching-melt growth solidification. Measurements on
samples covled down to the superconducting state in an external magnetic field permitted analysis
of magnetic flux trapping. The character of the magnetic flux trapping has been found to be
isotropic despite distinct struciural anisotropy of the studied materials confirmed by the results
of x-ray analysis, An attempt to interpret the results within the model of intergrain Josephson
junctions has been made.

1. Introduction

Recently many authors have emphasized that the presence of intergrain or intragrain
Josephson junctions in ceramic superconductors affects the properties of these materials
[1]. Senoussi et al [2] proposed a description of the magnetic properties of ceramic
superconductors within the model of a superconductor made of grains weakly coupled
through Josephson junctions. The critical fields Bjj and B; have been studied and
discussed by many authors [2-4]. The significant role of intergrain effects in ceramic
superconductors has been confirmed by the results of critical current measurements [5].
Dulcic et al [6] discussed the influence of intergrain Josephson junctions in ceramics and
of the junctions forming on defects in single crystals on the properties of high-temperature
superconductors.

Because of the characteristic short coherence length & the presence of local
inhomogeneities or defects leading to formation of weak links plays a much more
important role in high-temperature superconductors than in classical ones. This fact has
been confirmed by the model proposed by Deutcher and Miiller [7] who analysed the
superconductor—insulator-supercenductor junction. The relation between the energy gap
across the superconductor—insulator junction A and the energy gap characteristic for the
whole sample is determined by the coherence Jength £, and the lattice parameter a.

According to Dulcic ef al [6] for classical superconductors the energy gap at the link
A affects the energy gap of the whole sample only ‘in the close vicinity of 7.. When
the barrier is very narrow its critical current takes a value close to the macroscopic one.
Thus, in the proposed model the presence of defects and inhomogeneities will not exert
significant influence on the properties of classical superconductors. In the case of high-
temperature superconductors, as- the coherence length is short the range of temperatures
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within which A (T) is much lower than A(T) is relatively wide. For YBa;Cu3Og g it was
assumed that £,,(0) = 34 A and £,(0) = 7 A. Under this assumption the temperature range
within which Ay(T) K A(T) is (T~ T)ap € 1 K and (T, - T), € 90 K [6]. So the
presence of intergrain and intragrain Josephson junctions essentially affects the properties
of high-temperature superconductors over a wide temperature range.

The effects related to the presence of intergrain and intragrain Josephson junctions are
particularly well manifested in the low-field microwave absorption {8,9]. Stankowski et al
[10] considered a ceramic sample as a set of Josephson junctions interacting through the
effect of superradiation. Under such an assumption the set of junctions could be treated as
a single junction which permitied a phenomenclogical description of the line shape and the
interaction of a superconducting sample with a microwave field. Blazey eral [11] explained
the microwave absorption phenomenon in terms of dissipative fluxon motion in the intergrain
region. Recently, Ramchandran et al [12] proposed a description of microwave absorption
considering a set of resistively shunted Josephson junctions oceurring in a ceramic sample.
This permitted a qualitative description of most properties of microwave absorption observed
in thin-film and monecrystal superconducting samples.

Measurements of microwave absorption have been widely applied in the investigation of
superconductors in addition to the measurements of magnetic susceptibility and resistance.
Microwave absorption has been used for the detection of transitions to the superconducting
state in high-temperature suvperconductors [13,14], classical, organic ones as well as
fullerites [15]. This method has also been applied in high-pressure studies [16] and in the
investigation of magnetic properties of superconductors [17]. Measurements of microwave
absorption in superconductors cooled down to the superconducting state in a magnetic field
permitted the analysis of magnetic flux trapping in these materials {18-20]. In our previous
work [20] we presented the results of a ceramic YBa;Cu3Oge sample with parameters
¢ = 11.67 A, b =38 A and a = 3.89 A, characterized by high porosity of about
30% and a mean grain size of 10 pm. The sample was placed in 2 resonator of an EPR
spectrometer. After cooling the sample in zero magnetic field the microwave absorption
signal dP/dB was symmetric and took a value of zero in zero magnetic field. When the
superconducting sample was cooled in an external magnetic field of a few gauss, a distinet
change in microwave absorption signal was observed, namely, the signal was shifted with
respect to B = 0. This shift described as ABpc corresponds to the mean value of the
local magnetic field affecting the system of Josephson junctions and originating from the
trapped magnetic flux. We have proposed an empirical formula describing the shift of the
microwave absorption signal ABgc as a function of the field Bge in which the sample was
cooled:

ABpc = AB;‘CMU - CXp(—BFc/Bo)]. (1)

In this formula the process of flux trapping is characterized by two empirical parameters
ABgE* and By which stand for the maximum shift and coefficient of proportionality defining
trapping effectiveness, respectively. This function has been found to describe the results
obtained well.

In this paper we present the results of applying microwave absorption measurements
in the investigation of magnetic flux trapping in oriented YBapCu3;O;_, samples. In
the investigations of critical fields and cumrents in single-crystal superconducting samples
reported up to now, a strong anisotropy of these parameters was observed [21-24]. In the
case of oriented ceramic samples of strong structural anisotropy the anisotropy of critical
fields and currents was not so strong [25] because of the dominant role of intergrain effects.
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These results have prompted us to study magnetic flux trapping in oriented YBa,CusOq_,
samples, the aim of the study being to check the essential role of intergrain effects and to
analyse the phenomena leading to microwave absorption. The results obtained allowed us to
verify a new method of flux trapping investigation, where low-field microwave absorption
has been applied.

2. Experimental method

The oriented ceramic YBayCuzOj_; samples were obtained by melt—quenching-melt
textured solidification [25]. The precursor in the form of powder was obtained from the
stoichiometric mixture of Y403, BaCOj5 and CuO through decarbonization at 860 °C. The
product was homogenized and powdered in a platinum grinder at 1400°C for 20 min in air
atmosphere. Then the sample was ground, the obtained homogeneous powder was pressed
into cylindric pellets, reheated for 20 min at 1150°C, cooled to 1000°C in 1.5 h and then
from 1000°C to 900°C at a rate of 1°C h™!. The annealing was continued at 600°C for
24 h in oxygen atmosphere. The sample’s structure was controlled by a scanning electron
microscope under magnifications of 260 to 2400. The orientation of grains as well as the
parameters of an elementary cell were determined by x-ray diffraction analysis (XRD} on
a Philips PW 1820 powder diffractometer using Cu Ko radiation. X-ray measurements in
the plane of the basis of the cylindrical YBa;CuaOy_; sampie revealed only the presence
of 001 type reflections.

This result permits the conclusion that the ceramic grains are arranged in parallel and the
crystallographic axes of these grains are perpendicular to the base of the cylindrical sample,
while the a—& planes of the grains are parallel to this base. The arrangement of grains
was also observed under a scanning electron microscope [25]. The XRD investigation also
permitted determination of the elementary cell parameters of the material: a = 3.823 A,
b = 3.887 A and ¢ = 11.698 A. The oxygen stoichiometry was determined to be
YBa,Cu3049 and the sample density to be 6080 kg m=>.

The microwave absorption measurements of the YBa,Cu30g ¢ sample were carried out
on an S/EX Radiopan EPR spectrometer. The sample was placed in a TEgz-type microwave
resonator at the maximum of the magnetic compenent of the microwave field. The sample
was cooled by liquid nitrogen vapour. The sample temperature was measured by a copper—
constantan thermocouple glued to the sample. All measurements were performed at 77 K.
An external magnetic field generated in Helmholtz coils, which replaced the spectrometer
magnet, was applied perpendicular to the magpetic component of the microwave field. The
trapped flux of the magnetic field Brc was parallel to the direction of the magnetic field
produced in the Helmholtz coils. The value of the magnetic field intensity was controlled
by the Hallotron milliteslometer within an accuracy of 0.1 G.

We also applied the second modulation of a frequency 100 kHz and amplitude of a
few gauss. The residual laboratory magnetic field was compensated by an additional set of
Helmholtz coils with an accuracy of 0.1 G.

3. Results and discussion
Changes in the shape of the microwave absorption were studied versus the magnetic field in

which the oriented YBa;Cuy0g sample was cooled to the superconductivity state. For an
appropriately high amplitude of second modulation the recorded signal was a derivative of
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microwave absorption with respect to the magnetic field dP/dB. After cooling the sample
to the superconducting state in a magnetic field Bre < 0.1 G (zero-field cooling) the dP/dB
signal was symmetric and took a value of zero in zero magnetic field (figure 1(a)). When the
sample was cooled to the superconductivity state (field cooling) the microwave absorption
signal recorded in the still-present Bre field was shifted with respect to the zero magnetic
field by a value corresponding exacily to the Bpe field but in the opposite direction. This
observation shows that on recording the d P/d B signal in the presence of the Bre field, we
have to apply an additional magnetic field opposite to the Bgc field in order to compensate
for the effect of the Bre field on the sample (figure 1(b)).

g%larb,uni:sj

u R&A
=10 i ; 10

. . ‘ /\\ Figure 1. Microwave absorption signal

%i/ dP/dB recorded after the sample has

been cooled: () in zero magnetic field,

¢ (b) in non-zero magnetic field Bpe =

t: 1 G not removed for signal recording,

L | ; {c) in non-zero magnetic field Bpc =

w 1 G which was removed for signal
recording.

The dP/dB signal recorded after the Brc field has been removed is shifted with respect
to zero magnetic field in the direction of the field (figure 1{c)).

Figures 2 and 3 illustrate dP/dB signals recorded after cooling the sample to the
superconducting state in a2 By field of different values. Figure 2 shows the signals recorded
for the YBay;Cu; 045 sample whose crystal axis ¢ is parallel to the direction of Bpe while
figure 3 shows the signals for the sample whose ¢ axis is perpendicular to the Bpe field
direction, Figure 4 shows the microwave absorption signals recorded for Bpc fields of
different values in a sample obtained by grinding the textured ceramic to get grains of an
average size of 0.07 mm.
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Figure 2. Microwave absorption signal
recorded for cooling fields {a) 0 G, (¥}

| L] —/\9, 2 G and {c} 25 G for the crystallographic

ﬁ,\/—/ ¢ axis of the sample parallel to the Brg
field.
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Figore 5. The shift of the microwave absorption signal

a4 A Bpe as 2 function of the cooling field Bge for the ¢ axis

A | ‘ ! : . parallel to the Bre field direction (@), perpendicular to

eh " 20 30 it {C), and for the sample ground into pawder (x). Full
BpelG) curves illustrate the function described by equation (4).

The dependence of the microwave absorption shift ABgc on the field Brc applied on
cooling of the sample is shown in figure 5. The results presented in figure 5 were obtained
for the sample whose ¢ axis was parallel to the Bre field direction, perpendicular to it and
for the sample ground into powder. The dependence of the hysteresis width AByyg of the
microwave absorption signal, defined as the distance in the scale of field between the points
at which dP/dB becomes zero, on cooling fields was also measured (figure 6).

When a superconducting sample has been cooled in an external magnetic field Bgc of a
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ABpyst (G)

Figure 6, The hysteresis width as a function
of cooling field Bpc for the ¢ axis parallel
to the Bre field direction (@), perpendicutar
to it (O}, and for the sample ground into
o L L L — L powder (x). Full curves illustrate the

0 10 20 Bec (G) 30 function described by equation (5).

few gauss intensity, a clearly marked change in the microwave absorption signal dP/dB is
observed (figures 2—4). The whole signal is shifted with respect to zero magnetic field and
broadened, and the width of the signal measured as the peak to peak distance increases. The
signal whose derivative we observe is a superposition of all absorption signals due to groups
of Josephson junctions in different local fields. During our experiment the distribution of
the values of local field intensities changes because of fiux trapping, and one can observe
the changes in the line shape. The observed broadening of the dP/d 2B signal is related to
the fact that by freezing the sample in a greater magnetic field we get a greater distribution
of the local field values. One can expect that for the highest cooling field of 20-25 G, the
changes of line shape are due to some grains which begin to be penetrated. However, the
intergrain flux trapping should give the anisotropic contribution to the shift of the dP/d B
signal, presented in figure 5. Such an effect has not been observed within the accuracy
of our measurements. Also, the integral area of the absorption curve did not change as
a function of the cooling field, as we reported previously [20]. This means that the total
absorption remains the same up to 25 G, and it is difficult to see the intragrain penetration
with the field and temperature conditions as applied in our experiments.

We suppose that one can expect intragrain penetration in the field range 50-200 G,
corresponding to lower critical fields of monocrystals [21]. The variation of the background
slope of the dP/dB signal, which can be seen on figure 4, is due to the increase of the
line width. When the maximum of the d P/d B signal is shifted towards the higher field,
for the highest cooling field, we observe only the central part of the dP/dB signal. In
consequence, the dP/dB signal recorded for the highest cooling field seems to have an
additional background slope.

The observed changes in the shape of the microwave absorption line depending on the
field in which the sample was cooled are a consequence of magnetic flux trapping in a
superconducting material. If by Ny we denote the number of trapping centres in the sample
and by N the number of trapped fluxons that comprise the populated trapping centres, then
the increase in the number of trapped fluxons, dN, will be proporticnal to the change in the
value of the frozen field d Bpe:

dN & (Np — N)dBrc. (2)

In this simple model we have assumed that one fluxon is trapped in one trapping centre.
Introducing the coefficient of proportionality By defining trapping effectiveness of a single
centre, we get the equation:

dN = (1/BoXNo — N)d Brc (3)
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whose solution is
N = Ny[l1 — exp(—Brc/ Bo)l. “)

Instead of the number of populated trapping centres, we can employ empirical values as
No®y/Segr = ABES* where ®y is a quantum of magnetic flux, S is the effective area and
A Bgc is the measured shift of the microwave absorption signal (figure 5). Then we can go
back to equation (1) of this paper, first proposed in [20]. The experimental results shown
in figure 5 are well described by the solution of (3), with the same parameter By = 10 G
for the powdered sample as well as for different orientations of highly oriented ceramics.

Assuming that the magnetic field flux penetrates the sample only via intergrain regious,
the effective area can be expressed as S.q = §P where the sample porosity P = 3% and
the sample surface area § = 0.04 cm®. Given these values the number of trapping centres
calculated from (1) is Np = 2 x 10%, _

The hysieresis dependence on cooling field can be described by (1) with 2 smail
modification:

ABpys = ABIE(1 — exp(—Bsc/Bo)) + ABEY. &)

The parameters ABnys, Bp and ABEFf, are of the same order as parameters used in
equations (1} and (4). However, it was difficult to fit all the experimental results with
the same parameters. The empirical equation (5), written by analogy to (4), is difficult to
interpret. '

Anisotropic single crystals of YBa;CusO;_, have been the subject of many studies [21-
24]. Measurements of the lower critical field at 77 K gave the values H. (B|ic) = 200 G
and He (B L ¢) =50 G [21]. The values of the critical current in various YBaxCu3Orq_,
single crystals differ by an order of magnitude depending on the crystal orientation [23,24].
From these results one would expect a strong anisotropy of the properties of the oriented
ceramic YBa;CusOr_; samples. On the other hand, the measurements of the critical current
reported in [25] showed a very small anisotropy which was attributed to the dominant role
of intergrain effects in ceramic samples.

1t follows from the measurements reported in this work that the isotropic character of
magnetic flux trapping in YBayCu3Osg samples of clearly anisotropic structure proves the
dominant role of intergrain effects in determining the sample properties in low magnetic
fields. Up until now it had been difficult to distinguish between the intragrain and intergrain
effects in the measurements of the low-field microwave absorption [6,9,20]. This work
proves the dominant role of intergrain flux trapping in low magnetic fields. We have also
verified microwave absorption as a method of investigating flux trapping.

4, Conclusions

The description of magnetic flux trapping in terms of population numbers of trapping centres
is in good agreement with experimental results. In structurally anisotropic oriented ceramic
samples of YBagCuiOgo the magnetic flux trapping in low magnetic fields, stedied by
microwave absorption measurement, is clearly isotropic. Intergrain effects play a significant
role in the mechanism of magnetic flux trapping in ceramic YBa;CuszOgp samples.
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