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Abstract. Using a new starting material of Ba2Cu3O5 and a three step heat treatment, single phase
Tl2Ca1Ba2Cu2O8 high-Tc superconducting samples have been prepared, possessing the onset- and critical
temperatures To = 114 K and Tc = 105 K. The morphology dependent value of Hc1 is 17 Oe, 8 Oe and
5 Oe at 77 K in the case of bulk, crushed and powdered materials, respectively. The a.c. susceptibility, r.f.
susceptibility and microwave absorption properties show a significant dependence on the particle size with
a sharp change in the interval between 750 µm and 1200 µm. These experiments provide characteristic
parameters for intergrain material (treated as 3D Josephson network) as λJ = 0.8 mm, HJc = 0.28 Oe and
JJc = 2.2 A/cm2 at 77 K. The data are controlled by modulated microwave absorption measurements. The
results obtained can be explained well both by the finite size junction model and cavity mode absorption
model. The Josephson network is determined unambiguously by metallic S–N–S weak links.

PACS. 74.25.-q General properties; correlations between physical properties in normal
and superconducting states – 74.40.+k Fluctuations (noise, chaos, nonequilibrium superconductivity,
localization, etc.) – 75.40.-s Critical-point effects, specific heats, short-range order

1 Introduction

As the early investigations of Tl-Ca-Ba-Cu-O high-Tc su-
perconducting compounds showed [1,2], their structural,
electrical, magnetic, thermal and pinning properties
are substantionally affected by the preparation process
used. According to high number of very different kinds
of both earlier and later experiments [3–5] the super-
conducting characteristics of Tl-based compounds are
strongly sensitive to the chemical quality and mixing
ratios of the starting materials and to the heat treat-
ment procedures. This is the reason why the critical
temperature can vary in a wide interval even within a
given nominal composition (see Tab. 1). Its differences
may be looked for in Tl non-stoichiometry, in stacking
defects appearing in the rock salt and perovskite units
and in deviations of local and global distribution of
the given material composition or phase, caused by
preparation details. The starting compounds (oxides,
cuprates, nitrates) do not react in general to produce
directly a single-phase superconductor of the com-
position predictable in advance. Besides the basic
(1, 1, 2, 2), (1, 2, 2, 3), (1, 3, 2, 4),
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(2, 0, 2, 1), (2, 1, 2, 2) and (2, 2, 2, 3) phases, other
non-stoichiometric modifications can also be formed,
depending on fine details of the preparation, which lead
sometimes to temporarily changing [6] unstable samples.

Since the behavior of the superconductivity of pow-
dered materials differs significantly from that of the same
type of bulk specimens [7–9], it seems to be reasonable to
study the dependence of r.f. magnetic susceptibility and
microwave absorption on the particle size, expecting fur-
ther useful information from points of view of fundamental
research and applications, too.

2 Sample preparation and characterization

The specimens were composed from a non-conventional
type of barium cuprate Ba2Cu3O5 [10,11] by adding
TlNO3 and CaO to it in an appropriate amount in order
to get samples abundant in the Tl2Ca1Ba2Cu2O8 phase.

The double-metal Ba2Cu3O5 oxide was prepared by
solid state reaction of analytical grade Merck chemicals of
Ba(NO3)2 and CuO, using their mixture in the molar ra-
tio of 1:1.5. This mixture was fired in air at 940 ◦C for 5 h,
followed by a slow cooling to room temperature. The prod-
uct obtained can be identified as a new barium cuprate of
the composition Ba2Cu3O5. Its X-ray diffraction pattern
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Table 1. Structural properties and critical temperatures of different Tl-Ca-Ba-Cu-O compounds. (The actual measured Tc
depends on the quality and mixtures of the phases of the given specimen.)

Structure of Lattice constants Critical
Phase unit cell a and c (Å) temperature (K)

(1, 1, 2, 2) prim. tetragonal 3.84 & 12.63 65–85
Tl1Ca1Ba2Cu2O7

(1, 2, 2, 3) prim. tetragonal 3.84 & 15.87 100–110
Tl1Ca2Ba2Cu3O9

(1, 3, 2, 4) prim. tetragonal 3.85 & 19.12 110–120
Tl1Ca3Ba2Cu4O11

(2, 0, 2, 1) b.c. tetragonal 3.86 & 23.23 20–80
Tl2Ba2Cu1O6

(2, 1, 2, 2) b.c. tetragonal 3.86 & 29.32 95–105
Tl2Ca1Ba2Cu2O8

(2, 2, 2, 3) b.c. tetragonal 3.85 & 35.88 115–125
Tl2Ca2Ba2Cu3O10

Fig. 1. Typical scanning electron micrographs of the samples.

can well be indexed in tetragonal structure with lattice
parameters a = 9.16 Å and c = 12.96 Å. The favorable
experiences [12] got during the application of Ba2Cu3O5

in the preparation of Y-based compounds prompted us to
employ it as a starting material of Tl-Ca-Ba-Cu-O super-
conductors.

The applied, rather complicated, three-step thermal
annealing has served to reach a single-phase or quasi-
single-phase material. After grinding and mixing the
above mentioned starting compounds, they were at first
pre-heated at 400 ◦C in air for 0.5 h and then cooled to
room temperature with a rate of 100 ◦C/h. The first high
temperature solid state reaction was realized by a heat
treatment at 800 ◦C in air for 0.5 h, followed by a slow
cooling of 10 ◦C/min to the ambient temperature. The
product obtained was ground and mixed again and pressed
into blocks by pressure of 5 MPa. These pellets were sub-
mitted to sintering at 900 ◦C in air for 10 min to finish fully
the reactions, then cooled down to 800 ◦C during 10 min,
and this step was continued with a quick cooling to room

Fig. 2. X-ray diffractogram, showing the composition of the
specimens.

temperature in the course of a 5 min time range. (After
this process, the optimum or nearly optimum doping can
be attained by reannealing of the samples alternatively in
oxygen and argon).

The quality of the specimens was characterized by
scanning electron microscopy, X-ray diffractography, re-
sistivity, a.c. susceptibility and d.c. magnetization mea-
surements, moreover by detecting the hysteresis loops in
low magnetic fields.

As the SEM photos demonstrate in Figure 1, the sam-
ples have a homogeneous microstructure of low porosity,
where some part of microcrystals are rounded. In some
places partially melted, glass-like small domains can also
be observed, existing probably due to the quick final cool-
ing. This investigation shows a random grain size distri-
bution with linear dimensions of 2−8µm.

In order to estimate the share-rate of different com-
ponents of sample’s material the relative intensity of
X-ray diffraction lines (see Fig. 2) was employed. On
this basis, the well-crystallized specimens can be consid-
ered as single-phase ones from the point of view of su-
perconductivity. They possess (2, 1, 2, 2) phase up to
77–80% as pointed out by high intensity lines at 2Θ =
6.03◦ and 27.77◦, having closely ideal tetragonal unit cells
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Fig. 3. Low specific normal resistivity and the sharp drop of
the function of the resistance on the temperature demonstrate
the good superconducting quality of investigated specimens.

Fig. 4. Real part of a.c. susceptibility of the bulk material.

with lattice parameters of a = 3.86 Å and c = 29.34 Å.
This material content is accompanied by a low quantity of
some residual Ba2Cu3O5. The peak at 2Θ = 7.60◦ hints
at the presence of (2, 0, 2, 1) phase in quantity less than
1–2%. The existence of low quantity CuO and Cu2O is
indicated by weak lines at 2Θ = 35.49◦, 35.57◦, 38.77◦

moreover 36.50◦ and 42.34◦, respectively. As an interest-
ing consequence of the heat treatment procedure men-
tioned above, some CaO compound can be detected in the
samples, as is demonstrated by the line at 2Θ = 37.45◦.
Diffraction lines at 2Θ = 37.51◦, 41.31◦ and 46.65◦ are
not identified.

Powder X-ray diffraction patterns were taken for the
intermediate products, too, obtained after the 800 ◦C heat
treatment. This shows that starting materials are already
almost fully reacted at the temperatures of about 800 ◦C.
The observed character of the reactions is in contradiction
with certain previous experience [13], by which tempera-

Fig. 5. The d.c. susceptibility hints at the single-phase char-
acter of samples.

tures above 900 ◦C are indispensable for solid state reac-
tions while preparing Tl-Ca-Ba-Cu-O superconductors.

Analyzing all of the experiences attained during our
prolonged research in the field of Tl-Ca-Ba-Cu-O super-
conductors, it can be concluded that in the creation of
(2, 1, 2, 2) phase not only the volatility of the Tl-ions,
but the building in of the Ca-ions plays also a fundamen-
tal role. This statement is confirmed on the one hand, by
the majority character of the formation of (2, 1, 2, 2), the
existence of the (2, 0, 2, 1), the permanent appearance
of CaO and on the other hand, by the minority character
of the occurrence of the (2, 2, 2, 3) phase and the pres-
ence of the single Tl-O plane containing (1, 1, 2, 2) and
(1, 2, 2, 3) phases only in traces. All these arguments in-
dicate that the development of the (2, 1, 2, 2) phase is
the most probable both from the points of view of ther-
modynamical aspect and optimum chemical coordination,
under the given initial circumstances.

In order to get reliable information on supercon-
ducting properties of the bulk samples, the temperature
dependence of their resistance was measured by conven-
tional four-probe method under isothermic conditions.
The specimens have low room temperature specific resis-
tivity, metallic behavior in the whole temperature interval
and relatively narrow superconducting transitional range.
As is seen in Figure 3, this measurement provides values
for the onset and zero resistivity critical temperature as
To = 114 K and Tc = 105 K.

The normal-superconducting transition was also fol-
lowed by the temperature dependence of the real compo-
nent χ′ of the complex a.c. susceptibility χ (see Fig. 4).
The measurements were performed by a double-coil sys-
tem at the frequency of 10 kHz, reflecting the high su-
perconducting material content and a.c. magnetic onset
temperature Tm

o = 118 K, that may hint either at the
presence of very small amount of discretely distributed
(2, 2, 2, 3) phase of higher Tc, or at some locally occur-
ring mixed unit cells of the intergrowth of different phases
of higher and lower Tc, or by chance at small, local mate-
rial domains in certain places, containing stacking faults
along the c-axis.

Temperature dependence of d.c. magnetization was
measured by a SQUID magnetometer. Its results re-
flect the superconducting quality and the phase struc-
ture of the specimens. The experimental data obtained for
d.c. susceptibility (Fig. 5) demonstrate the single-phase
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Fig. 6. Low field hysteresis measurement provides value for
lower critical magnetic field Hc1 for bulk material as 1.8 mT.

superconducting character of the samples, in which the
temperature of the drastic diamagnetic transition Td co-
incides with the electrical critical temperature, having val-
ues of 104–105 K.

The lower critical magnetic field Hc1 of the speci-
mens was determined by detecting magnetic hysteresis
loops taken between −5 mT and +5 mT at liquid ni-
trogen temperature by using a vibrating sample mag-
netometer. As Figure 6 demonstrates, this measurement
provides the value of Hc1(77 K) = 1.7 mT. Following
an earlier supposition on the nearly linear character of
Hc1−T curve [14,15] of Tl-Ca-Ba-Cu-O compounds, it
leads to Hc1(0) = 6.4 mT.

At the same time, the irreversibility of the low field
magnetization process can also be characterized by this
experiment, giving the trapped flux as the share-rate of
the sweeping interval of the applied magnetic field. Its
value is 9–10%, reflecting the homogeneous microstructure
of the samples.

Thermodynamic critical magnetic field Hc(0) can be
estimated on the basis of Mühlschlegel formula [16]

Hc(0) =

(
2π

Vm

)1/2

γ(0)Tc, (1)

derived from the condensation energy in the framework of
the BCS-theory in the form of a similarity law. It results in
a magnitude of 340 mT. (Here Vm is the molar volume and
γ is the electronic specific heat coefficient, having gener-
ally the experimental values [17] of 15–16 mJ/mol grad2).

Investigation of the resistivity in a changing external
magnetic field (in our case up to 7 T) at different temper-
atures can serve to estimate the magnitude of the upper
critical magnetic field Hc2(0) by the application of the ap-
propriate relations of GLAG-theory [18–20] for impurity
superconductors of low mean free path

Hc2(0) = 2.6 γ(0)Tc ρn, (2)

moreover

Hc2(t) = (1.77− 2.2t2 + 0.5t4 − 0.07t6)κ(Tc)Hc(0), (3)

Fig. 7. The linear continuation of the measured high temper-
ature magnitudes of the upper critical magnetic field leads to
its zero temperature value of Hc2(0) = 39 T.

the Bardeen [21] - Ginzburg [22] equation

Hc2(t) = 2
√

2κ(Tc)Hc(0)
1− t2

1 + t2
(4)

and the Helfand-Werthamer-Hohenberg [23] dirty limit
formula

Hc2(0) = 0.69Tc

(
dHc2(T )

dT

)
Tc

, (5)

that attempts to deduce the zero-temperature values of
the curve Hc2−T from its shape at high temperatures
and low magnetic fields. (In these formulae ρn is the
specific resistivity of the normal state before supercon-
ducting transition, t = T/Tc, κ is the Ginzburg-Landau
parameter and Hc is the thermodynamic critical magnetic
field). Since the experimental shape of the Hc2−T curve
in the attained measuring interval deviates significantly
from these relations, the linear approximation seems to
be the most plausible way to estimate the scale of Hc2 at
low temperatures. As Figure 7 shows, this procedure leads
to the value of Hc2(0) = 39 T for our samples.

3 Measurements and results

The propagation of any physical (e.g. electrical or ther-
mal) effect or the motion of any “particle” (e.g. magnetic
vortex) in high-Tc superconductors is determined by their
granular nature. In these materials the grains are coupled
to each other by Josephson links (or by proximity effect)
[24–26] and the existence of intragranular junctions was
observed even in single crystals, too [27,28] which rep-
resent a coupling across thin defect planes or boundaries
inside a given grain. In this meaning the intergrain and in-
tragrain properties of these samples can be distinguished
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Fig. 8. The shape of the function of the real part of com-
plex a.c. susceptibility the powder on the temperature demon-
strates the same chemical composition, physical structure and
so characteristic temperatures as the bulk material, but shows
less superconducting content.

and even separated by experimental methods [29–31]. On
the other hand, the high frequency and microwave mea-
surements can be applied to study the particle size effects
in crushed, powdered and fine powder based specimens
[32–35].

The originally bulk samples were crushed into powder
of various particle sizes and filtered through successive
sieves. By this method seven different powder specimens
were separated in the particle size interval of 2 ≤ d ≤
5000µm. At first, the normal-superconducting (N–S) and
superconducting-normal (S–N) transitions were detected
by the measurement of χ′−T function during cooling and
heating processes between room- and liquid nitrogen tem-
peratures. The functions χ′ − T , moreover χ′ − H and
that of the imaginary part of χ, i.e. χ′′−H below Tc were
measured by using a commercial R-L-C meter and based
on an r.f. oscillator which was working at the frequency
of 2 MHz, having a usual pick-up coil of inductivity of
L = 15µH. The measurements were based on the com-
parison of the values obtained without and with samples.
The change of the temperature and magnetic field gave
rise not only to the variation of χ of the samples and the
resonance frequency of the R-L-C oscillator, but that of
the quality factor of the resonant circuit, too. The former
were measured by a high resolution (5× 10−9) frequency
counter, while the latter via the bandwidth of the reso-
nance curve. (It must be noted that no correction was
applied for demagnetization or porosity.) The tempera-
ture was regulated by changing distance of the sample
holder coil to liquid nitrogen surface and measured by
Fe-constantan thermocouples. All χ′−H and χ′′−H exper-
iments were realized at liquid nitrogen temperature. Dur-
ing the direct and field modulated microwave absorp-

Fig. 9. Distribution of the superconducting volume fraction
on particle size intervals. (The sharp increase begins at the
particle size of ∼ 0.8 mm.)

tion measurements the samples (having exactly 20 mg
mass) were placed in a quartz dewar and introduced into
the cavity of an X-band (9 GHz) ESR spectrometer at
the maximum value of the microwave magnetic field. The
residual d.c. magnetic field of the equipment’s electro-
magnet was always externally compensated. In these ex-
periments, strictly identical operating conditions of the
spectrometer were used to ensure unambiguous compar-
ison of the observed spectra. The amplitudes of the
direct microwave absorption signals were compared at
H = 60 Oe.

Since the shape and characteristic parameters of func-
tions χ′ − T are very sensitive to the chemical composi-
tion and physical state of the specimens, the comparison
of these curves, concerning bulk, crushed and powdered
samples can demonstrate their similar or deviating char-
acter. As the results of the measurements carried out on a
ground specimen in Figure 8 show, the slope and charac-
teristic temperatures did not change during the grinding,
proving the identical chemical composition and physical
structure of bulk and crushed materials. The observed
drastic decrease of the global superconducting content,
however, shows that the particles are well separated by
grinding and the ground sample behaves as a set of inde-
pendent particles.

On the basis of χ′ − T measurements, the share-rates
of the full superconducting volume fraction is determined
to be attributed to different ranges of the particle size
d. This ratio increases slightly at first with particle size
in the interval of 2µm−750µm and then has a sharp in-
crease above it (see Tab. 2 and Fig. 9). It means that the
grains of d ≥ 1 mm establish coherent domains, which
begin to behave as bulk material. It manifests itself even
more strongly, if the normalized superconducting volume
fraction, referring to 1% of the particle size ranges is cal-
culated, as is listed in Table 2, too. This is the weight
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Table 2. Particle size distribution, dependence of the share-rate of the total superconducting volume fraction on particle size
intervals and the superconducting volume fraction related to 1% of different particle size ranges (treated as a weight factor).

Superconducting Superconducting

Particle size volume fraction volume fraction

Particle size intervals distribution distribution in referring to 1% of

different size particle size intervals

intervals (i.e. weight factor)

2µm < d < 63µm 12% 4% 0.33%

63µm < d < 100µm 20% 6% 0.30%

100µm < d < 200µm 23% 8% 0.35%

200µm < d < 500µm 24% 10% 0.42%

500µm < d < 1000 µm 12% 11% 0.92%

1000 µm < d < 2000 µm 3% 20% 6.67%

2000 µm < d < 5000 µm 6% 41% 6.83%

Fig. 10. Dependence of the superconducting volume fraction
on the particle size, concerning 1% of different particle size in-
tervals. This is explained as a weight factor W.F., showing the
role of different particle size ranges in possessing the supercon-
ductivity.

factor W.F., that shows the role of particle size intervals
in the development of superconducting state, as is demon-
strated in Figure 10, by putting the W.F. points in the
middle of each particle size range.

As a summary of these observations, a monotonous size
effect can be stated for Tl2Ca1Ba2Cu2O8 superconductor
until about 1000µm, which is followed by a transitional
region into bulk behavior. This statement is confirmed by
representing the function of the ratio of normal volume
fraction Vn and total surface area S of powder samples
under measurement versus d/2λ, where λ is the penetra-
tion depth (Fig. 11). As is seen, the curve shows a linear
increase when d ≤ 2λ and tends to a saturation character
well above this value. Supposing that the geometry of par-
ticles is mostly comparable to spheres, the shape of this
curve can be described by the relations [31,35]

Vn

S
≈

d

2π
, if d ≤ 2λ (6)

Fig. 11. Dependence of the ratio of Vn/S on the ratio of d/2λ
in a powdered sample, where Vn is the normal volume fraction,
S is the total surface area, d is the particle size and λ is the
London penetration depth.

and

Vn

S
≈

3λ

π

[
1−

2λ

d
−

1

3

(
2λ

d

)2
]
, if d ≥ 2λ. (6′)

It is worth to mention that the investigation analyzed
above leads to very similar value of the linear dimen-
sions of the coherent domains, as it was obtained in an
earlier work when the existence of these domains was di-
rectly detected in Y1Ba2Cu3O7−δ specimens by a ther-
mally non-equilibrium measuring method [36]. In the case
of Y-samples investigated, the average value of domain’s
linear dimensions was given experimentally as 2.1 mm,
while the present research provides this magnitude in the
order of 1 mm for the Tl-specimens in question.

The dependence of the real part χ′ and the imagi-
nary part χ′′ of χ on the external magnetic field were
determined by an r.f. resonance method at T = 77 K.



I. Kirschner et al.: Particle size effect in superconducting Tl2Ca1Ba2Cu2O8 395

Fig. 12. Magnetic field dependence of the relative change of
the real part χ′ and that of the imaginary part χ′′ of the r.f.
susceptibility χ at T = 77 K.

They demonstrate a two-stage transition between normal-
superconducting or superconducting-normal state (see
Fig. 12). Comparing the results obtained to each other
belonging to the bulk (2 × 2 × 8 mm), coarsely crushed
(0.1 mm ≤ d ≤ 0.5 mm) and finely powdered (2µm ≤ d ≤
63µm) samples (Fig. 13), the physical background of the
characteristics measured can be drawn up, as follows:

1) At the fields low enough, when the energy of Josephson
coupling surpasses the thermal fluctuation, both the
weak links and the grains are still superconducting.
Thus the initial part of ∆χ′(H)/χ′(H) is nearly lin-
ear and corresponds to the perfect diamagnetism. The
external magnetic field is shielded by circulating su-
percurrents, flowing in the actual penetration depth to
prevent the field to penetrate deeply into bulk, crushed
or powdered specimens.

2) The location of the low field peaks of the ∆χ′′−H
curve is independent of the particle size. They are
formed due to the presence of intergrain junctions,
which are able to carry supercurrent until the mag-
netic field, corresponding to the position of the first
peaks on the H axis. This is the intergrain critical
field Hig(77 K) = 0.28 Oe, which leads to its zero-
temperature value as Hig(0) = 0.61 Oe or 1.1 Oe ac-
cording to the quadratic or to the linear temperature
dependence, respectively. Due to this reason, the r.f.
susceptibility measurements can be evaluated to rep-
resent well the intergrain behavior of specimens, dis-

Fig. 13. Dependence of ∆χ′′ on the magnetic field H of the
bulk (2×2×8 mm3), crushed (0.1 < d < 0.5 mm) and powdered
(d < 63µm) specimens.

tinguishing the value of Hig by the first peak on the
absorption curve.
The small increase in the height of the low field
peak concerning crushed and powdered samples re-
flects probably the presence of a weak residual intra-
grain signal at the position of the intergrain peaks.

3) When H is increased further, the intergrain currents
decrease, resulting in a reduction in the screening,
moreover an increasing χ′(H) and a decreasing χ′′(H).
At the values of 0.7 Oe for powdered, 1.1 Oe for
crushed and 3.8 for bulk specimens, the intragrain cur-
rents begin to become dominant and both χ′(H) and
χ′′(H) will increase.

4) If the field intensity is high enough to penetrate deeply
into the grains, the r.f. hysteresis loss χ′′(H) has a sec-
ond maximum, the position of which on the H-axis
depends strongly on the morphology of samples, hav-
ing values of 5 Oe for powdered, 8 Oe for crushed
and 17 Oe for bulk materials. These magnitudes
describe directly the global-macroscopic granular
nature of Tl2Ca1Ba2Cu2O8 superconductors, repre-
senting their lower critical magnetic field Hc1. It
includes together the sample’s intergranular and in-
tragranular properties and its deviating values reflect
unambiguously again the particle size effect. The mag-
nitude obtained from r.f. susceptibility investigation is
in agreement with our earlier, low field hysteresis ex-
periments (see Fig. 6) [37] carried out on this type of
bulk samples, taking into account the value ofH, when
the magnetic moment M(H) starts to deviate from its
linear character.

5) Over the region of higher field peaks, the curves χ′′−H
decrease, because the increasing driving d.c. field onto
that the r.f. field is superposed produces a continuously
decreasing ratio of Hr.f./Hd.c. and together with this
reducing hysteresis loops and r.f. losses.
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Fig. 14. Direct and modulated with hm = 0.1 Oe (field deriva-
tive) microwave absorption as the function of an external mag-
netic field H in the sample of 0.1 mm < d < 0.2 mm.

During the microwave measurements [38] all Tl-based
specimens showed a hysteretic absorption spectrum (di-
rect method) and a derivative signal with giant peaks
(modulation method) at low external magnetic fields be-
tween −35 and +35 Oe. Typical spectra are demonstrated
in Figure 14 at the temperature of 77 K. We suppose that
the dissipation is caused by the damped oscillation of vor-
tices under the effect of the forces, namely the microwave
induced Lorentz-type moving force, the restoring force due
to the flux pinning [39] and the damping short-range elas-
ticity force originated from the intervortex interaction due
to their non-equilibrium distribution [2]. The microwave
absorption begins at very low magnetic field. Its value
is determined by the thickness and density of intergran-
ular and interparticle weak links in the samples. As the
d.c. field is increased, more junctions will be involved in
the process and the absorption increases monotonically.
At a given value of d.c. field of about 5 Oe, where the
maximum number of links participates in the interaction,
the field derivative of the absorption shows a maximum,
while the direct absorption spectra demonstrate a mini-
mum near zero magnetic field. As the external magnetic
field is increased further all the grains of the whole bulk
matrix (or all the particles) up to the actual penetration
depth will be affected by field and the superconductivity
will disappear causing the saturation of the diamagnetic-
type absorption. In the course of this process, the shape of
the derivative of the microwave absorption signal reflect
essentially the number of junctions, which are penetrated
by different field intensities.

The energy absorbed can be calculated directly by nu-
merical integration of the derivative curves and used as a
characteristic parameter, when comparing the quality of
different specimens.

Fig. 15. Distribution of the microwave absorption on the par-
ticle size measured directly and calculated from the measured
field derivative signals.

A broad line (1 mT to 10 mT in Y-Ba-Cu-O samples)
corresponding to an absorption minimum at zero magnetic
field has been attributed directly to the damped motion
of vortices with intergranular Josephson junctions [40,41].
A narrow line (0.01 mT to 0.1 mT) due to the absorption
maximum has been observed in powdered materials [9]
and explained by considering the particles as supercon-
ducting loops containing weak links.

The microwave absorption also demonstrates a signifi-
cant particle size effect. At first it increases with increasing
particle size until about 0.8 mm and after this maximum
(see Fig. 15) decreases dramatically with further increas-
ing particle size, when the possibility for the development
of the above mentioned coherent domains is given.

As the experiments executed by the modulation
method show, at this critical linear dimension range of the
order of 1 mm not only the maximum of the absorption,
but the sharp change of the line width of the derivative
absorption spectra ∆Hl.w. (see Fig. 16), too, indicates the
distinguished role of this size in the establishing high-Tc

superconductivity. This observation is supported by the
representation of the peak height of the field derivative of
the microwave absorption in the function of the particle
size (Fig. 17), which also has a maximum in the vicinity
of d = 800µm.

According to Figure 18, the microwave response, sim-
ilarly to the r.f. one, is more intensive in ground sam-
ples, than in bulk ones. The signal increased by powder
indicates an easier magnetic field penetration into pow-
dered superconductor and in this case the screening cur-
rents shade a relatively larger volume fraction, than in the
case of bulk specimens.

In the following we try to explain our experimental
results in the framework of a Josephson medium model
supposing that the interstitial material or the grain
boundaries, as weak links between the grains form a 3D
network of percolative paths:

1) Since their linear dimensions are much bigger, than the
grain sizes l [42], the effective junction length is lim-
ited only by the path’s dimensions or particle’s sizes.
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Fig. 16. The peak-to-peak line width of the field derivatives of
microwave absorption signals depending on particle size ranges
at modulation fields of 1 Oe and 10 Oe.

Fig. 17. The peak height distribution of the field derivative
of microwave absorption on the particle size intervals at the
modulation fields of 1 Oe and 10 Oe.

In this case the junctions can be characterized by their
screening length, which is equal to Josephson pene-
tration depth λJ in order of 1 mm and the strongest
screened field intensity [43] is characterized by

HJ =
8π

c
λJJJc = Hig = HJc, (7)

where JJc is the Josephson critical current density and
HJ falls generally in the order of 0.1–1 Oe. The mag-
netic field dependence of microwave absorption of the
Josephson junctions can be described in finite length
approximation [44]. Presuming that the junctions of
finite length may be associated with resonating cavi-
ties having characteristic dimensions equal to λJ, the
vortex penetration barriers completely disappear from
the description and χ′′ reaches a maximum value. This
case is realized in the easiest way [45], when d ≈ λJ

Fig. 18. The dependence of the peak height of the field deriva-
tive of microwave absorption on the modulation field intensity
in bulk and powdered samples.

and then both the finite length theory and the cavity
mode dissipation model motivate well the absorption
maximum at this particle size.

2) Calculating λJ ≈ 0.8 mm from Figures 10, 15 and 16
and HJc = 0.28 Oe = Hig from Figure 13, the value
of the critical current density for Josephson junctions
can be obtained with the help of the relation (7), as

JJc = 2.2 A/cm
2

at T = 77 K.
It is in the order of the magnitude provided by Ambe-
gaokar Baratoff theory [46] for the grain-to-grain crit-
ical current density in the case of equivalent gaps and
within the measured limits [47] got for other high-Tc

superconducting samples.
3) The dependence of the Josephson critical magnetic

field on the size of junctions can be determined by
the expression [32]

HJc ≈
Φ0

2λLdJ
, (8)

where Φ0 is the flux quantum, λL is the London
penetration depth and dJ is the junction’s width.
Since the typical value for λL of the present samples
[37,48] is λL = 0.12µm, the variation of HJc is given as
0.17–0.08 Oe in the interval of dJ = 0.5−1 mm.

4) The trapped magnetic flux in the superconducting cav-
ities causes a hysteretic shift of the absorption mini-
mum, that can be described by the relation [44] of

∆Ha.m. ≈ πe−l/λJHJc. (9)

In the case of l = d = λJ this formula gives a
value for ∆Ha.m. = 0.33 Oe. Measuring the secondary
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Fig. 19. Secondary voltage signal of a transformer, having
crushed Tl2Ca1Ba2Cu2O8 superconducting core of 0.1 mm <
d < 0.5 mm, which depends on the increasing and decreasing
magnetic field. It represents a shift of the absorption minimum
as ∆Ha.m = 0.34 Oe.

voltage signal of a transformer having superconducting
ceramic Tl2Ca1Ba2Cu2O8 core, the obtained ∆Ha.m.

shift of the minimum during the variation of the mag-
netic field has the value of ∆Ha.m. = 0.34 Oe (see
Fig. 19), which supports the result obtained from (9).

5) Comparing our experimental data to other measured
or calculated ones, a good correspondence between
them can be verified. According to this, critical thick-
ness of 0.22–0.44 mm for low vortex density in in-
termediate state in Tl2Ca1Ba2Cu2O8 compounds [45]
and λJ(77 K) = 0.78 mm, related to a 3D network
of junctions [46] were determined and microwave noise
anomaly produced by clusters of 0.4 mm size formed
by interacting Josephson junctions was observed [32].

On the basis of these similar results of different in-
vestigations, the sizes of percolative Josephson net-
works of 0.2–0.8 mm, containing numerous grains, can
be supposed.

Since the measured values of HJc = 0.28 Oe, λJ =
0.8 mm and JJc = 2.2 A/cm2 are comparable to those
referring to conventional, metallic, type II supercon-
ductors, it suggests that the intergranular coupling in
sintered Tl2Ca1Ba2Cu2O8 specimens can be treated
as the network of metallic S–N–S weak links. It is sup-
ported by NMR investigation of this compound, too,
which shows that the Tl-nuclei are in metallic state
and environment [3].

6) At the same time, macroscopic particles having linear
dimensions of about 1 mm may be taken into con-
sideration as individual coherent domains, which are
in superconducting or in normal state at a given time
moment, depending on their microstructure and on the
actual local temperature and magnetic field [36].

4 Conclusions

Based on the investigations of the dependence of a.c. sus-
ceptibility, r.f. susceptibility and microwave absorption on

the temperature, magnetic field and on the particle size,
the following conclusions can be drawn:

1) These investigations are suitable not only for qualita-
tive characterization of the intergrain material of sam-
ples but to determine the actual values of the most
important characteristic parameters, too, giving a re-
liable picture on their behavior in Tl2Ca1Ba2Cu2O8

specimens, investigated. The magnitudes obtained by
the measurements analyzed above are λJ = 0.8 mm for
Josephson penetration depth, HJc = 0.28 Oe for inter-
granular critical magnetic field and JJc = 2.2 A/cm2

for Josephson critical current density at T = 77 K.
2) The size effect of the main properties of this Tl-based

compound has been directly detected for the super-
conducting volume fraction referring to 1% of every
particle size interval, for the absorbed microwave en-
ergy and for line width and peak height of the field
derivative of the absorption. Since all of these param-
eters distinguish the particle size of about 1 mm by a
maximum or a sharp change, it can be explained as a
critical value for the transition from the powder state
to the bulk one, where coherent domains begin to de-
velop in the specimens, responsible for the establishing
macroscopic, global superconductivity.

3) It is demonstrated that the measurement of the depen-
dence of r.f. susceptibility on the magnetic field pro-
vides information, which is equivalent to that obtained
by the conventional experiments on a.c. susceptibility
as the function of the temperature.

4) As is shown by using the shape of the size dependence
of microwave absorption, the evolution of the experi-
mental results according to the concept of a microwave
induced cavity mode dissipation is equivalent to the
finite size junction model to describe the intergrain
material as a Josephson junction network. Since this
concept is based directly on the measured data, it may
lead to more precise results in certain cases, than the
finite size junction model.

5) In order to control the characteristic data given by
the direct measurement of the microwave absorption,
the modulation technique seems to be an appropriate
method. It can confirm the results of immediate ab-
sorption experiments providing values in coincidence
to each other.

References

1. Z.Z. Sheng, A.M. Hermann, Nature 332, 55, 138 (1988).
2. I. Kirschner, in Studies of High Temperature Superconduc-

tors, vol. 9, edited by A. Narlikar (New York: Nova Science
Publ. Inc., 1992), pp. 149-192.
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Zsolt, T. Träger, Phys. Lett. A 130, 39 (1988).
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47. H. Küpfer, I. Apfelstadt, R. Flükiger, C. Keller, R.

Meier-Hirmer, R. Runtsch, A. Turowski, V. Weich, T.
Wolf, Cryogenics 28, 650 (1988).
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