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Abstract—Composites with a network of “superconductor—normal metal—superconductor” (S-N-S) weak
links are prepared from a'Y gL uy,,Ba,Cus;0; high-temperature superconductor and BaPb; _,Sn,0O; (0 < x <
0.25) metal oxides. It isfound that an increase in the tin content x in the nonsuperconducting component of the
composite leads to an increase in the electrical resistivity p and, hence, to a decrease in the mean free path | of
charge carriers. The temperature dependences of the electrical resistivity p(T) and critical current j(T) of the
composites are analyzed in the framework of the de Gennes theory of S-N-Sjunctions. It is demonstrated that
the network of weak linksin the compositesis characterized by a crossover from the“clean” limit (I = L) to the
“dirty” limit (I <L) (whereL isthe effective thickness of N interlayers between high-temperature superconduc-

tor grains). © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It has been universally accepted that, in high-tem-
perature superconducting ceramics, natural grain
boundaries forming a Josephson-type weak-link net-
work are responsible for the transport properties of
polycrystals. Taking into account disagreement among
authors regarding the nature of boundaries (metallic,
dielectric, etc.) in polycrystaline high-temperature
superconductors[1-12], theinference can be made that
their conductivity is governed by technological factors.
In our earlier works [5, 10-12], we analyzed the trans-
port properties of polycrystaline high-temperature
superconductors with a 1-2-3 structure and conclu-
sively proved that the standard procedure of synthesiz-
ing these materials leads to the formation of natural
grain boundaries of metallic nature. However, system-
atic investigations into the preparation and transport
properties of polycrystalline high-temperature super-
conductors with a network of “ superconductor—normal
metal—superconductor” (S-N-S) weak links have been
undertaken neither in the “clean” limit (when the mean
free path | of charge carriers in the normal metal is
greater than the geometric thicknessL of N interlayers;
i.e, | =L [13]) norinthe “dirty” limit (I <L [13]). In
composites based on high-temperature superconduc-
tors, the nonsuperconducting component is a material
forming boundaries between superconducting grains
[6-12, 14-18]. The transport properties of the compos-
ite asawhole are governed by the type of nonsupercon-
ducting component (metal [6, 8, 9, 16-18] or dielectric
[14, 15]).

Earlier [11], we studied the transport properties of
Y 54l Uy,,Ba,Cus0; + BaPbO; composites. It was shown
that these composites have a network of S-N-S weak
links and that the transport properties of the composites
are determined by an N interlayer whose effective
thickness L depends on the volume content of the
metal. It was established that the experimental temper-
ature dependences of the critical current j-(T) for the
composites are in good agreement with the theoretical
dependencesj(T) for clean S-N-Sjunctions[19]. This
made it possible to estimate the effective thickness of N
interlayers in the composites under investigation. It
turned out that the effective thickness L of N interlayers
monotonically increases (in proportion to V¥, where V
is the volume content of the nonsuperconducting com-
ponent) from ~40 A for the composite with 4 vol %
BaPbO, to ~125 A for the composite with 45 vol %
BaPbO; [9]. These values of L were used in the present
work to make a comparison with the mean free path of
charge carriers in the nonsuperconducting component
of the composite.

Investigations into the current—voltage characteris-
tics [16] and the critical current [17] of YBCO +
BaPbO; and YBCO + BaPhy4Sny ;05 composites and
their analysisin terms of the theory of S-N-Sjunctions
[20-23] gave grounds to assert that the network of S-
N-Sjunctionsisformed in the clean limit for composites
containing BaPbO; and in the effectively dirty limit for
composites with BaPh, oS, ,05. In the authors’ opinion,
it is of interest to investigate a crossover from the clean
limit to the dirty limit in a “high-temperature super-
conductor + BaPh, _,Sn,O;" composite by decreasing
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the conductivity of the BaPbO; metal oxide through
partial replacement of lead by tin (0 < x < 0.25). In this
work, we compared the transport properties of compos-
iteswith the same volume content of the BaPb, _,Sn,O;
component but with different tin contents x. All the
composites were simultaneously prepared according to
the same procedure. Therefore, the size distribution of
N interlayers can be considered to be identical for al
composites of the same series and all changes in the
transport properties of the composites thus prepared
can be explained by the evolution of the physical
properties (in particular, electrical resistance) of the
BaPb, _, Sn,O; nonsuperconducting component, which
is responsible for the formation of weak links between
high-temperature superconductor grains.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

2.1. Synthesis and Electrical Resistivity
of BaPb, _, S,0; Compounds

Compounds BaPb, _, Sn,O; at different tin contents
X were prepared by solid-phase synthesis from BaO,,
PbO, and SnO, oxides at a temperature of 950°C for
160 h with 13 intermediate millings. According to
Mosshauer investigations [17], these conditions pro-
vide a uniform distribution of tin atomsin the BaPbO4
perovskite structure. The 1%Sn Mdssbauer spectra of
BaPb, _,Sn,O; compounds at atin content x = 0.1 are
given in [17]. In our experiments, we synthesized a
series of samplesat tin contentsx = 0, 0.037, 0.125, and
0.250. The choice of these values of x will be explained
below. All the samples were prepared simultaneously.
The x-ray powder diffraction patterns of the metal
oxides contain only the reflections corresponding to the
BaPbO; structure. The table presents the electrical
resistivities p of the BaPb, _, Sn,O; compounds at tem-
peratures of 5 and 77 K.

An increase in the tin content from O to 25 at. %
leads to an increase in the electrical resistivity p by
almost one order of magnitude. Since the structure of
the BaPb, _,Sn,0O; compoundsin this case remains vir-
tually unchanged, the electrical resistivity increases as
the result of adecrease in the mean free path | of charge
carriers[24]. For aBaPbO; single crystal, the mean free
path | = 220 A was obtained by Kitazawa et al. [25]
from the classical expression

-2/3

| = 3% he p™n ", (1)
where # is the Planck constant, e is the elementary
charge, and n isthe carrier density. It is known that, in
Ba(Pb, _,Bi,)O; polycrystals, charge scattering by
grain boundaries brings about an additional increasein
the magnitude of the electrical resistivity p [26-28].
Most likely, thisincrease isthe reason why substituting
theresistivities p of our samplesinto formula (1) gives
underestimated mean free paths (smaller than the lat-
tice constant). In our opinion, it is expedient to calcu-
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Parameters of BaPb; _,Sn,O5; nonsuperconducting compo-
nents of the studied composites

p(5K), | p(77 K), | Designa-

X Qcm Qcm tion rA letr, A
0 0.0069 | 0.0057 |SnO - 220
0.037 | 0.0085 | 0.0068 | Sn0.037 12.8 12.1
0.125 | 0.0130 | 0.0130 | Sn0.125 8.5 8.2
0.25 0.0590 | 0.0537 | Sn0.25 4.3 4.2

Note: p isthe electrical resistivity, r isthe most probable distance
between Sn atoms, and | is the effective mean free path
calculated from relationship (2).

late the effective mean free path | 4, which depends on
the most probable distance r between tin impurity
atoms in the structure of the BaPb,_,Sn,O; com-
pounds. Taking into account that the mean free path in
apolycrystal is shorter than the mean free pathin asin-
gle crystal, the value of |4 can be calculated from the
relationship

I =17+ ©)

Here, | = 220 A for BaPbO, [25] and the most probable

distance r is determined from the formular = ax™3
(where x is the atomic fraction of tin; and a = 4.268 A
is the lattice constant, which is determined from the x-
ray powder diffraction patterns and agrees with the data
obtained in [29]). The most probable distancesr and the
effective mean free paths |4 calculated from the above
expressions are listed in the table.

2.2. Preparation of Composites Based
on a High-Temperature Superconductor
and BaPb; _, S0, Compounds

TheY 3,Luy,,Ba,Cu;0O; high-temperature supercon-
ductor was prepared using the standard procedure. The
synthesis of the BaPb,_,Sn0O; compounds was
described above. The composites were synthesized
according to the following procedure, which we called
the rapid sintering technique. Powder components of
the composite to be synthesized were taken in required
proportions, mixed thoroughly in an agate mortar, and
pressed into pellets. Then, the pressed pellets in pre-
heated boats were placed in a furnace heated to 930°C
and were alowed to stand for 5 min. After high-temper-
ature sintering, the samples were placed in another fur-
nace, held at 400°C for 6 h, and cool ed to room temper-
ature together with the furnace. These conditions
ensured the recovery of the initial oxygen stoichiome-
try of high-temperature superconductors with a 1-2—3
structure, because oxygen losses due to sintering are
quite probable [30]. By this means, we prepared com-
posites with volume contents V = 7.5, 15.0, 30.0, 37.5,
and 45.0 vol % BaPb, _,Sn,O;. Note that the samples
with different x and identical V were sintered and satu-
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rated with oxygen at the same time. In this work, the
composite samples are designated as S + VSnx. Here,
Snx stands for the nonsuperconducting component (see
table). The volume content of the Y 4,Lu,,Ba,CusO,
high-temperature superconductor is equal to 100% — V.
The x-ray powder diffraction patterns of the composites
prepared exhibit only the reflections attributed to the
two phases of the initial components. According to
electron microscopy, the mean size of high-temperature
superconductor grains is approximately equal to 1.5
pum. The superconducting transition temperature deter-
mined for the composites from magnetic measurements
isequal to 93.5 K. This temperature corresponds to the
temperature T for the Y 5,Lu,,,Ba,Cus0; initia high-
temperature superconductor.

2.3. Measurements of Transport Properties

The temperature dependences of the electrical resis-
tance R(T) were measured by the standard four-point
probe method. These measurements were performed
with samples 1.5 x 1.5 x 12 mm in size. The distance
between the potential contacts was approximately
equal to 10 mm. Theelectrical resistivity corresponding
to the superconducting transition was measured accu-
rate to within ~10% Q cm. The critical current j. was
determined from the initial portion of the current—volt-
age characteristic according to a standard criterion of
1uviem[23].

3. RESULTS AND DISCUSSION

3.1. Transport Properties of High-Temperature
Superconductor + BaPb; _, Sn,0O; Composites

Figure 1 shows the temperature dependences of the
electrical resistance R(T) of the composites under
investigation. The dependences are normalized to the
resistance Rat T = 93.5 K. At this temperature, which
coincides with the temperature T determined from the
magnetic measurements, the electrical resistance
exhibits a jump corresponding to the superconducting
trangition in high-temperature superconductor grains.
The second (smooth) portion of the dependence R(T)
reflects the transition of weak links to the supercon-
ducting state. The temperature T, at which the electri-
cal resistance disappears strongly depends on the mea-
suring current j. Thisis characteristic of aweak super-
conductivity. The influence of the transport current on
the dependence R(T, j) was previously studied for other
composites prepared by the rapid sintering technique
[25-27]. The dependences R(T) shown in Fig. 1 were
measured at the current j = 5 mA/cm? (this current was
chosen according to a reasonable signal-to-noise ratio).
At weaker currents j, the resistance R does not depend
onj. The current—voltage characteristics of al the stud-
ied composites, including the S+ 45Sn0.25 composite,
are nonlinear in the temperature range from T, to Te.
This is typical of Josephson junctions. The S+ 45Snx
composites arein aresistive state even at atemperature
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of 4.2 K. Theshift inthethreshold of percolation through
the superconducting component toward higher super-
conductor contents in the composites synthesized by the
rapid sintering technique was considered in [30, 31].
In[9, 28], it was demonstrated that an increase in
the volume content of a metal oxide (in our case,
BaPb, _,Sn,0,) leads to a decrease in the temperature
Teo dueto anincreasein the effective length of metallic
weak links. The results of measurements of the electri-
cal resistance at different tin contents x are presented in
Fig. 1inthe corresponding panelsfor each volume con-
tent of BaPb, _, Sn,O;. The influence of the distribution
over the geometric parameters of S-N-S junctions in
the composites on the electrical resistance is assumed
to be identical due to the preparation procedure being
the same. Consequently, the decrease in the tempera-
ture T, and variations in the dependences R(T) for a
given series of samples depend only on the change in
the conductivity of the nonsuperconducting component
(or, eventually, on the change in the mean free path of
charge carries in the material of N interlayers between
high-temperature superconductor grains).

In the S+ 37.5Snx composites, anincreasein thetin
content in the metal oxide to the highest content (x =
0.25) leadsto achangein the temperature T, by ~ 70 K.
For composites at alower content of the metal oxide, the
temperature T, Varies over narrower ranges. ~ 30 K for
S+ 30Snx, ~7 K for S+ 15Snx, and ~5 K for S+ 7.5Snx.
It is known that, with a decrease in the thickness of N
interlayersin S-N-Sjunctions, the effect of their trans-
parency on the superconducting current becomes
weaker [13, 19, 23]. This circumstance clearly mani-
festsitself in the temperature dependences of the elec-
trical resistance of the composites.

3.2. Analysis of the Temperature Dependences
of the Critical Current for Composites

The nature of weak links can be judged from the
temperature dependence of the critical current in a bet-
ter way than, for example, from the magnitude of the
critical current even for a single junction [13, 23, 32,
33] and, especialy, for a random network of weak
links. The processing of the experimental datafor S-N—
Sjunctionsin terms of the de Gennestheory [22] makes
it possible to evaluate indirectly their physical parame-
ters, such as the mean free path of charge carriers and
the geometric thickness of an N interlayer [8, 17, 33—
37]. It is expedient to apply this approach to the com-
posites studied in the present work.

At temperatures not far from T, the critical current
through an S-N-Sjunction within the de Gennestheory
is described by the relationship [22, 23, 35-37]

L/&n
sinh(L/€y)’ )

wherek isaconstant determined in [22, 23, 35-37]. For
a network of S-N-Sjunctions, the constant k plays the

jo(T) = k(1-T/Tg)®
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R(T)/R(93.5 K) R(T)/R(93.5 K)
12 i T T (a) T T | 10 B T ((‘Il) T i@
S +45Snx S + 15Snx #

Fermi velocity Vi was obtained from the relationship

Ve = A3Y33nY3mr! (where mis the electron mass) at

n = 1.4 x 102 cm3 with the use of the data taken from

Fig. 1. Temperature dependences of the electrical resistance (normalized to the resistance Rat T = 93.5 K) for the S+ VSnx com-
posites at volume contents V = (a) 45.0, (b) 37.5, (c) 30.0, (d) 15.0, and (€) 7.5%.
the normal metal. For BaPb, _, Sn,0O; compounds, the

[25]. In[11], the effective thickness of N interlayersfor
the 85 vol % Y 5,Lu,,Ba,Cu;O; + 15 vol % BaPbO,
composite was estimated as L ~ 100 A. These parame-
ters were used to describe the experimental depen-

role of a normalizing factor. In relationship (3), the

coherence length &, for a norma metal is determined
(4)

dences j(T), because the composites studied in [11]

and in this work were prepared according to the same

by the following expressions [35-37]:
&n = AVE2TKg T
for aclean N interlayer and
&y = (AVE/6TksT) Y (5)
for adirty N interlayer. In expressions (4) and (5), kg is

the Boltzmann constant and V¢ is the Fermi velocity in
No. 10 2004
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3 T T T T T
S+ 15Snx

60 70 80 90
T,K

Fig. 2. Experimental temperature dependences of the criti-
cal current for the S+ 15Snx composites at x = (1) 0, (2)
0.037, and (3) 0.25. Solid lines are the results of the best fit-
ting to the de Gennes theory with the use of formulas (3)—
(5) for the effectivethickness L = 100 A and mean free paths
I =(1) 220, (2) 11, and (3) 4.2 A.

procedure. As aresult, apart from the normalizing fac-
tor, relationship (3) involves asinglefitting parameter |.

Figure 2 depicts the experimental temperature
dependences of the critical current j(T) for S+ 15Snx
composites and the corresponding curves obtained by
fitting to the de Gennes theory. The dependence j(T)
for the S+ 15Sn0 composite in the temperature range
60-80 K was calculated from expressions (3) and (4).
The use of expression (4) for the coherencelength &, in
the case of a composite containing 15 vol % BaPbO,
without impurities is justified because the quantities |
(220 A for BaPbOj; [25]) and L (~100 A) satisfy the
condition for the clean S-N-Sjunction: | > L. The solid
curves in Fig. 2 approximate the experimental depen-
dences jo(T) for the S + 15Sn0.037 and S +
15Sn0.25 composites fairly well and represent the
results of the best fitting to the de Gennes theory with
the use of formulas (3) and (5) for mean free paths | =
11 + 3and 4.2+ 1 A, respectively. These values are
close to the calcul ated effective mean free paths |4 for
BaPb, _, Sn,O; compounds (see table). For S+ 7.5Snx
composites, the experimental dependences j-(T) are
also in good agreement with the theoretical curves cal-
culated from expression (4) for the coherence length
En(T) of the clean N interlayer in the S+ 7.5Sn0 sample
at L =80 A and from expression (5) for the coherence
length &y(T) of the dirty N interlayer in the S +
7.5Sn0.25 sampleat | =4.2 + 1 A. Therefore, theresults
of processing of the experimental dependencesj.(T) in
terms of the de Gennes theory at temperatures close to
T indirectly confirm the mean free paths determined
above for the BaPb, _, Sn,0; compounds (see Subsec-
tion 2.1 and table). It can be seen that the inequality

PHYSICS OF THE SOLID STATE Vol. 46

PETROV et al.

lgs< L (L ~ 80-125 A) holds for composites with
BaPb, _, Sn,O; compounds even at x = 0.037. The more
strict inequality | << L (the diffusive limit [38, 39]) is
satisfied at x = 0.125. Thus, the crossover from the clean
limit to the dirty limit in the network of S-N-S weak
links in 'Y 5,Luy,,Ba,CusO; + BaPb,; _,Sn,0; compos-
ites is aobserved with an increase in the tin content x
from 0 to 0.25. In the near future, the results obtained
will be described in terms of the theories developed for
current—voltage characteristics of S-N-S weak links
with avariable mean free path in an N interlayer.
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