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Abstract
Bulk Y3/4Lu1/4Ba2Cu3O7 + Cu1−xLixO composites with x = 0, 0.003 and
0.06 and varied volume content of Cu1−xLixO have been prepared. Analysis
of the transport properties of the composites has shown that they can be
represented as a network of superconductor–semiconductor–superconductor
(S–Sm–S) weak links. The dependence of the critical current density on the
normal resistance for the composites studied shows a behaviour similar to
that for single Josephson junctions. The experimental temperature
dependences of the critical current are qualitatively described in terms of a
theory of S–Sm–S junctions that takes into account the Andreev reflection of
carriers from the S–Sm and Sm–S interfaces.

1. Introduction

The transport properties of polycrystalline high-temperature
superconductors (HTSC) are affected by native grain bound-
aries forming weak links between the superconductor crys-
tallites [1–2]. In HTSC-based composites, the non-
superconducting material (normal metal (N) [3–14] or insu-
lator (I) [15–20]) plays the role of artificially created grain
boundaries. HTSC-based composites are of considerable in-
terest not only because of their possible practical applications,
but also as objects for studying intergrain coupling [5, 7–9, 14,
17, 19, 20]. Analysis of the transport properties of the com-
posites in terms of the various models developed for Joseph-
son junctions should indicate applicability (or inapplicability)
of these models to HTSC. Experimental works are presently
focused on HTSC + normal metal [3–14] or HTSC + insu-
lator [15–20] composites. Superconductor–semiconductor–
superconductor (S–Sm–S) junctions are weak links with in-
termediate properties between that of tunnel and S–N–S junc-
tions. Therefore, an experimental study of HTSC + semicon-
ductor composites would be advisable.

In a previous study [20], we demonstrated that HTSC
+ CuO composites prepared by the fast baking method
can be considered as a model of network S–I–S junctions.
Non-isovalent impurity doping of CuO with Li → Cu makes

the carrier concentration in CuO higher [21]. It seems natural
to assume, therefore, that an S–Sm–S network of weak links
will be realized in HTSC + Cu1−xLixO composites.

A composite is a typical example of a Josephson network
characterized by some grain boundary thickness distribution
depending on the volume content of ingredients and on the
preparation technique. Analyses of the transport properties
of composites prepared by the method of fast baking [13,
14, 20] have shown, however, that a composite may be
described by some effective grain boundary thickness. Its
current–voltage characteristics and temperature dependences
of the critical current density and resistivity show basic features
of single Josephson junctions. Making the baking time
shorter leads to a shift and broadening of the superconductor–
non-superconductor percolation threshold to lower non-
superconductor content in contrast to composites prepared
by prolonged heat treatment. In the case of fast baking,
the transport current flows through both superconductor and
non-superconductor grains at relatively small concentrations
(7–45 vol%) of the latter ingredient [19, 20]. Therefore,
the effective thickness of layers between superconductor
crystallites can be easy changed by varying the relative volume
content of components of a composite [13, 20].

In the present study, we prepared HTSC + Cu1−xLixO
composites with x = (0−0.06) and Cu1−xLixO volume
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Figure 1. Temperature dependences of the resistivity of Cu1−xLixO
compounds.

content in the range 0–30%. The effect exerted by the increase
in the semiconductor carrier concentration on the resistivity,
critical current density and current–voltage characteristics of
the composites is discussed in terms of models developed
for S–Sm–S Josephson junctions. In addition, the relevant
published data being contradictory [21–23], we analysed
the temperature behaviour of Cu1−xLixO resistivity and
magnetization.

2. Experimental methods

The electrical resistivity of Cu1−xLixO compounds was
measured by dc four-probe (low resistivity case) and two-probe
(high resistivity) techniques in constant-current and constant-
voltage modes, respectively. The constant current (or voltage)
was chosen within the range where Ohm’s law is obeyed. The
data obtained in these two modes coincided.

The ρ(T ) dependences were measured for the composites
by the standard four-probe technique. For measurements
below TC, the current was 0.01 × JC(4.2 K), (JC(4.2 K) is
the critical current density at 4.2 K). In this case, lowering
the current had no effect on the ρ(T ) dependences and the
‘zero-resistivity’ (ρ ≈ 10−6 
 cm) temperature.

The current–voltage (I–V ) characteristics of the compos-
ites were measured using the standard four-probe technique.
The current contact pads were coated with a layer of In–Ga
eutectics. The area of the current contact pads was about
two orders of magnitude larger then the cross-sectional area
of the ‘working’ part of the sample (1×0.2 mm2), see figure 1
in [24]. The sample was glued onto a sapphire substrate at-
tached to a silver rod. The critical current JC was determined
from the initial portion of I–V characteristics, using the stan-
dard criterion 1 µV cm−1 [25]. In order to measure I–V char-
acteristics at high current densities j � JC, the cell with a
sample was placed on a liquid helium bath. The I–V charac-
teristics presented in this communication were measured under
constant-current conditions and were fully reproducible at any
current sweep rate. This ensured that no self-heating effects
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Figure 2. The log–log plot of the resistivity ρ of Cu0.99Li0.01O
versus 1/T (full curve). The broken curves represent fits with
equation (1). The least-squares fit gives a value β = 0.6.

occurred. Magnetic measurements were performed using a
vibration sample magnetometer.

3. Results and discussion

3.1. Preparation and physical properties of Cu1−xLixO
compounds

The semiconductor components of the composites were
synthesized from CuO and Li2CO3, according to the following
scheme. The powders were thoroughly mixed, compacted into
pellets and calcined in air at 700 ◦C during 10 h. Then the
resulting product was milled in an agate mortar, compacted into
pellets and calcined at 800 ◦C for 1 h. Using this scheme, we
prepared Cu1−xLixO samples with x = 0, 0.003, 0.01, 0.03
and 0.06. According to [23], the solubility limit of lithium in
copper is in the range 4−10 at.%. For this reason, no samples
with x > 0.06 were prepared.

X-ray diffraction (XRD) patterns of a Cu0.94Li0.06O
sample with the highest Li content shows only reflections from
the CuO phase, corresponding to the same cell parameters as
those in pure CuO.

Figure 1 shows a semi-logarithmic plot of resistivity
versus temperature for Cu1−xLixO samples. The steady
decrease in resistance with increasing x can be seen over a
wide temperature range. We fitted the experimental ρ(T )

dependences using the expression:

ρ(T ) ∼ exp
(
T −β

)
. (1)

Figure 2 presents an example of how the experimental exponent
β was determined for a Cu0.99Li0.01O sample. It can be
seen that the dependence of ln (ln ρ) on ln(1/T ) shows
a variety of slopes in different temperature ranges and,
correspondingly, is characterized by a variety of exponents
in equation (1) (0.5 to 0.7). Similar kinks in the ln ρ(1/T )

dependence have been observed on single crystals and
polycrystalline Cu1−xLixO samples [22, 23]. The kinks seem
to correspond to antiferromagnetic transitions [22]. Table 1
lists experimental exponents β and other parameters of the
Cu1−xLixO samples studied. For a sample with relatively low
Li concentration, Cu0.997Li0.003O, the conventional thermal
resistivity mechanism takes place (β ≈ 1, similarly to
CuO without Li [22]). Raising the content of lithium
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Table 1. Some parameters of Cu1−xLixO compounds. The activation energy Eg is calculated with thermally activated process
(ln ρ ∼ 1/T ) in a high temperature range above the Neel temperature. β is the experimental exponent in equation (1). TN is the Neel
temperature determined from magnetic measurements. N is the carrier concentration calculated in assumption of every lithium ion induces
one hole carrier.

ρ(270 K) Eg TN N

x (
 cm) (meV) β (K) (cm−3)

0 6 × 104 1350a 1.0a 230 ± 0.5
0.003 6.20 92 0.9 ± 0.05 225 ± 0.5 1.5 × 1020

0.01 0.94 46 0.6 ± 0.1 223 ± 0.5 5.0 × 1020

0.03 0.63 43 0.6 ± 0.1 222 ± 0.5 1.5 × 1021

0.06 0.44 43 0.6 ± 0.1 220 ± 1.0 3.0 × 1021

aData from [22]

in CuO results in the β value changing to 0.6, which is
close to β = 0.5, predicted theoretically for a doped
crystalline semiconductor [26]. It is important to note that
an exponent β ≈ 0.25 has been observed for polycrystalline
Cu1−xLixO [23] and the data obtained have been analysed in
terms of the variable-range hopping mechanism. The possible
reason for this disagreement may be that different ways of
preparations have been used.

The activation energies Eg determined from ρ(T ) in
the high-temperature range above the Neel temperature with
thermally activated process (ln ρ ∼ 1/T ) listed in table 1
decrease with increasing Li content. This behaviour is in good
agreement with the data reported in [23].

The carrier concentration n (see table 1) was calculated
on the assumption that each lithium ion gives rise to one
hole. In [21], polycrystalline Cu0.98Li0.02O was studied and
carrier concentration n = 4 × 1018 cm−3 was determined
from the Hall-effect measurements. This value is 3 orders
of magnitude lower than the estimated carrier concentrations
in table 1. This discrepancy seems to be due to the high
volatility of lithium in synthesis. The lithium vapour pressure
at T = 1000 ◦C (sintering temperature of Cu0.98Li0.02O
in [21]) is ∼ 50 Torr [27]; for this reason we chose a
sintering temperature of 700−800 ◦C, at which the lithium
vapour pressure is 1–5 Torr [27].

CuO is known to be an antiferromagnetic with Neel
temperature TN ≈ 30 K [22, 23]. Lithium incorporation into
CuO makes the TN lower [28]. Temperature dependences of
magnetization of our Cu1−xLixO samples, measured at applied
field of 2 kOe, confirmed this effect (see table 1).

Thus, we synthesized Cu1−xLixO compounds and
measured the temperature dependences of their resistivity and
magnetization. The results obtained indicate that lithium
dissolves in the CuO matrix.

3.2. Preparation, phase composition and critical
temperatures of the composites

The composites were prepared as follows. The HTSC
(Y3/4Lu1/4Ba2Cu3O7) was synthesized using a standard
procedure. The components of a composite were thoroughly
mixed with additional milling of the powders in an agate mortar
and then compacted into pellets. The pellets were placed
in preheated boats and then placed in a furnace heated to
900 ◦C. The pellets were kept at this temperature for 2 min
and then placed in another furnace for 2.5 h at 350 ◦C,
which was followed by furnace-cooling to room temperature.
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Figure 3. Temperature dependences of dc zero-field-cooled
magnetization of the composites.

All composite samples were prepared simultaneously and
from the same batches of starting components to minimize
variations in the physical properties of the composites,
related to stoichiometry and the preparation technique. The
resistivities and critical current densities of samples of the same
composition varied by less than 10%. A bench-mark sample
without Cu1−xLixO addition, subjected to the same milling
and thermal treatment as the composites, had superconducting
properties common for (optimally oxygen-doped) HTSC
with 1–2–3 structure (TC = 93.5 K, TC(R = 0) = 91.2 K,
JC(4.2 K) = 1400 A cm−2 [13]). Henceforth we designate
the samples as S + V SmX, where V is the volume content of
the semiconductor (Sm) component in a composite, X is the
atomic percentage of Li in CuO (i. e. Sm0 is CuO, Sm0.3 is
Cu0.997Li0.003O etc).

XRD patterns of the composites S + 22.5Sm0, S +
22.5Sm0.3, and S + 22.5Sm6 show only reflections from
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Figure 4. Variation of normal-state (270 K and 93.5 K) resistivity ρ
of the composites with volume percentage of Cu1−xLixO.

HTSC with 1–2–3 structure and CuO. No additional reflections
were detected. This indicates the absence (to within XRD
accuracy) of any strong chemical reaction between HTSC
and Cu1−xLixO that could result in the appearance of foreign
phases.

Figure 3 shows temperature dependences of magnetiza-
tion of composite samples, measured in a field of 33 Oe. It is
seen that the absolute values of magnetization decrease with
increasing Li content in the semiconductor component. The
strongest TC depression observed for sample S + 22.5Sm6
(composite with the highest Li content) is equal to ∼ 2.5 K;
TC ≈ 91 K. This non-dramatic reduction of the superconduc-
tivity of HTSC crystallites on raising the Li content in CuO
reflects the well known fact of TC lowering upon doping HTSC
having 1–2–3 structure with alkali cations [29] and arises from
Li diffusion into the superconductor during baking, even if this
time is extremely short (2 min). This lowering of TC (1–2 K) is
insignificant, however, as compared with the TC of the starting
HTSC (93.5 K).

3.3. Temperature dependences of the resistivity of the
composites in normal state

The ρ(300 K) and ρ(93.5 K) of the composites increase on
both raising the volume content of the semiconductor and
decreasing the Li concentration in Cu1−xLixO, see figure 4.
Above TC, the ρ(T ) dependences of the composites exhibit
semiconductor-like behaviour shown in figure 5 for samples
S + 22.5Sm6 and S + 22.5Sm0.3. It should be noted that
HTSC + insulator composites with insulator volume content
of up to ∼ 60%, prepared by prolonged heat treatment
(> 10 h), usually show metal-like or temperature-independent
ρ(T ) dependences above TC [16, 17]. This fact is due to
the formation of a continuous superconducting cluster during
prolonged preparation. Extremely short baking seems to fuse
composite component particles (whose size of ∼ 1 µm is
determined by grinding) without crystallite growth occurring
in the case mentioned above. In order to compare our data with
the results of other groups we extended the high-temperature

S . S 0 3+22 5 m .

S . S+22 5 m6

0 50 100 150 200 250 300
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0.00

0.05

0.10
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0.20
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Figure 5. Temperature dependences of the resistivity ρ of
composite samples S + 22.5Sm0.3 and S + 22.5Sm6.

baking time of composites S + V Sm0 to 1 h. This changed the
ρ(T ) behaviour to metallic-like for samples with CuO volume
content of up to 50% (the details of this study can be found
elsewhere).

Thus, in the HTSC + Cu1−xLixO composites prepared by
fast baking the transport current flows through both the HTSC
and the semiconductor grains.

3.4. Temperature dependences of resistivity of the composites
below TC

A sharp drop in resistivity at TC ≈ 92 K for sample
S + 22.5Sm0.3 (figure 5) is caused by the superconducting
transition in the HTSC crystallites and coincides with the
TC determined from magnetic measurements (see figure 3).
For sample S + 22.5Sm6 the transition is slightly broadened,
which may result from the deterioration of the superconducting
properties of HTSC crystallites, caused by lithium diffusion
into HTSC [29] (see section 3.2). The zero resistivity
temperature of the composites depends on the volume content
of the semiconductor and its conductivity. This temperature
grows with increasing lithium concentration in Cu1−xLixO
(i. e. with increasing ρ of Cu1−xLixO, see figure 1) and
decreases with increasing Cu1−xLixO volume content.

A broad-foot structure of the ρ(T ) dependences below TC

comes from the transition of the network of weak links [13, 20].
A similar ρ(T ) behaviour has been observed in polycrystalline
HTSC [30–32] and single HTSC weak links [33] and has
been interpreted in terms of models developed for Josephson
junctions. In [20], we demonstrated that this part of the
R(T ) dependence of composites HTSC + CuO is excellently
described by the mechanism of thermally-activated phase
slippage (TAPS) [34]. Therefore, it is reasonable to treat
experimental R(T ) dependences for HTSC + Cu1−xLixO
composites within the TAPS approach.

In the limit of a very small transport current, the theory [34]
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Figure 6. Experimental temperature dependences of the normalized
resistivity of composite samples (a) S + 22.5Sm0 and
(b) S + 22Sm0.3. Full curves are computed by means of equation (2)
from the Ambegaokar–Baratoff [35] and Furusaki–Tsukada [36]
temperature dependences of the critical current as I1(T ) and the
corresponding fitting parameters CA−B and CF−T shown in the
figure, TC = 89 K.

predicts that the resistance RP caused by TAPS is given by

RP

R
=

[
I0

(
C I1(T )

T

)]−2

(2)

where I0 is a modified Bessel function, I1(T ) is the critical
current without fluctuation, and C is the fitting parameter
determined in [33].

In figure 6, the normalized resistive transition R(T )/R

(89 K) in the S + 22.5SmX composites is plotted together with
the RP /R dependences calculated by means of equation (2),
using C as the fitting parameter and the temperature
dependences of the critical current for the S–I–S Josephson
junction of Ambegaokar–Baratoff (AB) [35] and Furusaki–
Tsukada (FT) [36], as I1(T ). The FT dependence was
obtained by the authors for a S–I–S junction with finite I-layer
thickness; in the limit of a thick I-layer, it transforms to the
AB dependence [36]. A good agreement of the theoretical
and experimental dependences for sample S + 22.5Sm0 is
seen in figure 6. A better coincidence is achieved for FT
I1(T ), and this fact was analysed in detail in [20]. We
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Figure 7. Experimental I–V characteristics of composite samples,
measured at 4.2 K.

failed to fit satisfactorily the R(T ) dependence for sample
S + 22.5Sm0.3 in the entire experimental temperature range
with AB or FT dependences. For sample S + 22.5Sm6,
this fit is even poorer. The same situation is observed for
samples with 7.5 and 15 vol% semiconductor. This means that
even at low carrier concentrations in the Sm-layers (sample
S + 22.5Sm0.3) the TAPS approach with I1(T ) for a tunnel
junction becomes inapplicable. The ‘negative’ result of the
fit reveals, however, a transformation of weak links in the
HTSC + Cu1−xLixO composites on raising the Li content. For
a correct description of the R(T ) dependences for S–Sm–S
weak links it is necessary to use I1(T ) for a S–Sm–S junction
(which is presently questionable [37]) and take into account
the conductivity of the Sm-layers in the TAPS mechanism.

3.5. I–V characteristics of the composites

Figure 7 shows experimental I–V characteristics of the
composites, measured at 4.2 K. The I–V characteristics are
characterized by the existence of a critical current (JC) and
exhibit non-linear behaviour at currents higher than JC. For
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Figure 8. Critical current density at 4.2 K, JC(4.2 K), of composites
S + V SmX for different X versus V 1/3 in a semi-log scale. The full
curves represent approximations of the data for composite samples
with the same X.

the composites with the same volume content of Cu1−xLixO
the I–V characteristics are seen to change from quasi-
tunnelling to quasi-metallic as the Li content, i. e. the carrier
concentration in Sm-layers, increases. This result is in good
agreement with a theoretical analysis of transformations of
this kind in a Josephson junction [38]. A similar crossover
of I–V characteristics has been observed previously in single
Josephson junctions based on conventional superconductors,
with light induced carriers in sensitive barriers [25, 37].

The increase in the differential resistance on raising the
volume content of Cu1−xLixO (at constant x) is a manifestation
of the growing effective length of semiconductor interlayers in
the composites.

3.6. Temperature dependences of the critical current density
of the composites

For the HTSC + normal metal composites (BaPbO3) [13]
prepared in the same manner as the composites under
consideration, the experimental temperature dependences of
critical current are found to be well described by the theory [39]
for S–N–S junctions on the assumption that the cube root of
the volume content of the non-superconducting component is
proportional to the effective thickness of N-layers between
HTSC crystallites in the composites. For this reason, we plot
the data for S + V SmX composites as a function of V 1/3.
The logarithmic plot of JC(4.2 K) versus V 1/3 is shown for
the composites studied in figure 8. The data for JC(4.2 K) ≈
1.4 kA cm−2 are plotted for the bench-mark HTSC sample,
see section 3.2. JC(4.2 K) values are seen to grow with
increasing carrier concentration (i. e. x). The decrease in
JC(4.2 K) with increasing V 1/3 can be approximated by an
exponential function exp (−V 1/3) within experimental error.
An exponential decay, exp (−2a), where 2a is the weak link
length, has been observed in experiments on single S–Sm–S
junctions [40, 41] and predicted theoretically for S–Sm–S weak
links [42].
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Figure 9. The log–log plot of the reciprocal of normal resistance,
ρ−1

N , versus critical current density JC at 4.2 K for S + V SmX
composites.

Figure 9 presents the reciprocal of the normal resistance
of the composites, ρ−1

N , determined from I–V characteristics
(figure 7), as a function of JC(4.2 K). This dependence follows
within experimental error the linear law with a slope close
to unity, i. e. JC ∼ 1/ρN, a dependence characteristic of
single Josephson junctions [25], is observed for the composite
samples.

In figure 10 we plotted the JC(T ) dependences of the com-
posites in the co-ordinates JC(T )/JC(4.2 K)−V1/3−T. The
JC(T )dependences for samples S +V Sm0 have the same shape
as JC(T ) for S + V Sm0.3 composites [20]. Some experimen-
tal features of the JC(T ) dependences are noteworthy. The
temperature at which JC → 0 (<10−4 A cm−2) decreases with
increasing V 1/3 and decreasing x. The JC(T ) dependence for
sample S + 7.5Sm6 has a feature in the low-temperature region
in the form of a change in curvature. This feature was fully and
repeatedly reproduced on different samples of the S + 7.5Sm6
set. For sample S + 15Sm6, this feature is less pronounced.
The JC(T ) for sample S + 22.5Sm6 has negative curvature up
to 4.2 K (see inset of figure 10 for more detail).

If the change in the JC(T ) curvature occurred for chemical
reasons via diffusion of Li diffusion into HTSC crystallites,
one would expect enhancement of the effect with increasing
Cu0.94Li0.06O volume fraction in the composites. An opposite
situation, however, takes place in the experiment. Therefore,
the observed behaviour is due to the occurrence of physical
phenomena in S–Sm–S weak links with varying carrier
concentration in Sm layers.

Several theoretical works have been devoted to critical
currents in S–Sm–S junctions [42–45]. Analysis of the
experimental JC(T ) for HTSC+ Cu1−xLixO composites shows
good qualitative agreement with the theory [42] in which the
only mechanism producing the Josephson effect is the Andreev
scattering. The theory [42] predicts a change in the curvature
and appearance of a plateau in the JC(T ) dependence near
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Figure 10. Normalized critical current JC(T )/JC(4.2 K) for
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and cube root of the volume concentration of Cu1−xLixO. The inset
shows details of JC(T ) for samples S + 7.5Sm6 and S + 15Sm6 in
the low-temperature region.

T ≈ 0.1TC when the carrier concentration in the Sm-layer
increases from 1016 up to 1017−19 cm−3. The theory [42]
also accounts for the disappearance of dissipation-free currents
in the high-temperature region. The increase in the carrier
concentration leads to lower zero-resistivity TC.

The results of numerical calculations of JC(T ) depen-
dences are presented in [42] for S–Sm–S junctions with 2a =
1.57ξ0 (where ξ0 is the coherence length). For the HTSC
+ BaPbO3 composites [13], the effective interlayer length
2a ≈ 3ξ0 was estimated in terms of the theory [39] for S–
N–S junctions for a sample with 7.5 vol% normal metal. Un-
fortunately, the absence of calculated JC(T ) dependences for
different 2a values in [42] gives no way of making a correct
quantitative comparison of the experiment and the theory. Nev-
ertheless, we regard the appearance of a change in the JC(T )

curvature in the low-temperature region with increasing car-
rier concentration in the semiconductor, not predicted by other
theories [43–45], as an indirect proof of the applicability of
the theory [42] to describe experimental JC(T ) for the HTSC
+ Cu1−xLixO composites. This supports the conclusion made
in [42] that the Andreev scattering in S–Sm–S junctions de-
serves at least as much attention as the proximity effect.

4. Conclusion

Cu1−xLixO compounds (with x = 0, 0.003, 0.01, 0.03
and 0.06) have been synthesized. The resistivity and
magnetic measurements indicate that lithium dissolves in the
CuO matrix.

Bulk Y3/4Lu1/4Ba2Cu3O7 + Cu1−xLixO composites with
x = 0, 0.003, 0.06 and varied volume content of
Cu1−xLixO have been prepared. XRD analysis, combined
with magnetic and resistive measurements, demonstrates that
the superconducting properties of HTSC crystallites in the
composites remain virtually unchanged, compared with those
of the initial HTSC.

The obtained temperature dependences of resistivity and
I–V characteristics indicate that a network of weak links
exists in the composites. The monotonic change in transport
properties (ρ(TC), ρ (270K), JC(4.2 K), RN) of the composites,
and also the fact that the TAPS mechanism fails to describe
R(T ) dependences in terms of fluctuation-free critical current
for a S–I–S junction with increasing Cu1−xLixO conductivity,
indicate that weak links in the composites are transformed as
the x value of the semiconductor decreases. The changeover of
the I–V characteristics from quasi-tunnelling to metallic-like
with increasing carrier concentration in Cu1−xLixO is evidence
that weak links in the composites studied are of S–Sm–S type.

The dependences of JC(4.2 K) on RN and on the effective
thickness V 1/3 of weak links for the composites studied behave
as single S–Sm–S junctions. The experimental temperature
dependences of the critical current are qualitatively described
in terms of the theory developed in [42], which takes
into account the Andreev reflection as the main mechanism
producing the Josephson effect in an S–Sm–S junction.
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