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Triple-gap superconductivity of MgB2-(La,Sr)MnO3 composite
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The interplay of superconductivity and magnetism was studied in a composite prepared from ferromagnetic
half-metallic La0.67Sr0.33MnO3 (LSMO) nanoparticles and the s-wave superconductor MgB2. A few principal
effects have been found. With the onset of MgB2 superconductivity, a spectacular drop of the sample resistance
was detected and complete superconductivity was observed at temperatures up to 20 K. The basic nanocomposite
characteristics (critical temperature, current-voltage dependence, percolation threshold, etc.) are strongly affected
by the half-metallic LSMO and, most probably, cannot be quantitatively explained within the framework
of a conventional percolation scenario. Point contact (PC) spectroscopy was used to measure directly the
superconducting energy coupling. For small voltage, an excess current and doubling of the PC normal-state
conductance were detected. Conductance peaks corresponding to three energy gaps are clearly observed. Two of
these gaps we identified as enhanced �π and �σ gaps originating from the MgB2; the third gap �tr is more than
three times larger than the largest MgB2 gap. The temperature behavior of �tr does not follow the BCS dependence.
The experimental results have a natural and qualitative explanation within the phase-coherency scenario of
proximity-induced superconductivity. Specifically, at low temperature, a p-wave spin-triplet condensate with
pairing energy �tr is essentially sustained in LSMO but is incapable of displaying a long-range superconducting
response because of a phase-disordered state. The proximity coupling to MgB2 restores the long-range phase
coherency of the superconducting state, which, in turn, enhances the superconducting state of the MgB2.
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I. INTRODUCTION

When a metallic ferromagnet (F) is in contact with an
s-wave superconductor (SC), superconductivity is expected
to decay rapidly (within a few nanometers) inside the F owing
to the incompatible nature of superconductivity and ferromag-
netic order.1 This expectation was indeed confirmed in various
materials and geometries. On the other hand, an increasing
number of experimental facts2–11 present clear evidence that
a simple physical interpretation of the proximity effect, that
the Cooper pairs are broken by a strong exchange field in the
F layer, is in reality too simplistic, and an extension of the
existing concepts of the interplay between superconductivity
and ferromagnetism is needed. Long-ranged proximity effects
have been observed in a variety of ferromagnetic materials,
including wires,2,3 bi- and multilayers,4,10 half-metallic CrO2,7

rare-earth metals with helical magnetic structure,6 etc.
From the theoretical viewpoint, a hybrid system of a F

with a uniform exchange field in metallic contact with a SC
is well understood, and the proximity effect may be described
by taking into account the splitting of electronic bands of
opposite spins.1 The situation becomes more complicated if the
magnetic structure is inhomogeneous. Theories12–14 predict
the appearance of a long-range proximity effect if there is
a spatial variation of the magnetization in the F layer. In
this case, the triplet component of anomalous correlations
needs to be taken into consideration with a characteristic
coherence length of ξF = (DF /2πT )1/2 that can be as large
as ∼100 nm at low temperatures (here DF is the diffusivity of
the F metal and T is the temperature; we choose h̄ = kB = 1).
Thus, theoretical analysis of superconducting correlations
in the presence of an inhomogeneous magnetic structure
becomes nontrivial. In general, three different regimes may
be distinguished: the magnetic disorder length is shorter
than the Fermi wavelength (pointlike impurities), the disorder

length is longer than the superconducting coherence length ξS

(long-range disorder), and the magnetic disorder length is of
the order of the coherence length ξS (medium-range disorder).
In the medium-range regime, the role of magnetic disorder
in superconducting proximity systems becomes nonlocal and
nonuniversal (see, e.g., the discussion in Ref. 15 and references
therein).

Magnetic inhomogeneities may in principle be artificially
generated in ferromagnets. Yet existing technology cannot
create them in a controlled way at the SC/F interface with
nanoscale precision so that the most realistic scenario is to
use a ferromagnet with given magnetic inhomogeneity. An
interesting limit of heterostructured systems with tunable
inhomogeneity of the magnetic partner is represented by
SC/F nanocomposites. Being an experimentally accessible
electronic system with controllable parameters, such het-
erostructures offer a unique testing ground for studying
superconducting proximity systems with an arbitrary length
of magnetic disorder. Superconductivity in granular mixture
of superconductor-insulator films has been extensively studied,
both experimentally and theoretically, in the framework of the
percolation theory (see, e.g., Ref. 16). The proximity effects
in granular-superconductor–normal-metal structures are also
explored.17,18 Yet we know of no reports addressing proximity
effects in composites of a (nano)granular half-metal ferromag-
net (HMF) and a conventional s-wave superconductor.

Another topic of fundamental interest today is spatial
inhomogeneity in the superconducting density of states and
the superconducting state, which is governed by quantum
phase fluctuations.19–22 In most mean-field theories it is
suggested that the relation Tϕ > T� is fulfilled between the
temperatures of electron pairing T� and the long-range phase
coherency Tϕ . This means that global phase coherency and
the energy gap appear (vanish) at the same temperature,
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mainly due to the opening (disappearing) of the gap with
temperature. However, it has been shown19 (see also Refs. 20
and 21) that for systems with low conductivity and small
superfluid density (bad metals), the temperature of the global
phase coherency Tϕ is reduced significantly and becomes
comparable to or even smaller than the pairing temperature
T�. In this case, the critical temperature TC is determined by
the global phase coherency, whereas a local pair condensate
could exist well above TC . In particular, for high-TC cuprates
diamagnetism due to fluctuating superconducting pairs above
the superconducting transition temperature as well as the origin
of the so-called pseudogap still remain under active discussion
(see, e.g., Refs. 23–28 and references therein).

In our recent works anomalous superconductivity has been
detected in point contacts (PCs) of half-metallic manganite
(La,Sr)MnO3 and (La,Ca)MnO3 with an s-wave SC, Pb
or MgB2.29,30 In particular, for proximity-affected PCs, co-
herent multiple Andreev reflection (subharmonic gap reso-
nances) has been observed, and it has been found that the
proximity-induced superconducting gap of (La,Sr)MnO3 or
(La,Ca)MnO3 is much larger than that of Pb or MgB2. It
was implied that, at low temperature, incoherent supercon-
ducting fluctuations are essentially sustained in half-metallic
manganites and, in the proximity-affected region, the singlet
superconductor establishes phase coherence in the p-wave
spin-triplet superconducting state of the manganites.29,30 To
verify this phase-disordering scenario for the anomalous
superconductivity of proximity-affected PCs, we prepared and
systematically studied the normal and superconducting prop-
erties of an MgB2–(nano) La0.67Sr0.33MnO3 (MgB:LSMO)
composite. The key idea was to obtain a composite where
proximity-affected HMF/SC interfaces govern the super-
conducting properties of the bulk sample. Fortunately, the
idea was successful: the bulk samples of the MgB:LSMO
(nano)composite demonstrate direct evidence for unconven-
tional superconductivity with large, up to 20 K, critical
temperature TC . In this paper we present the results of
an investigation of the superconducting properties of such
systems.

To directly measure the superconducting energy coupling,
the point-contact spectroscopy technique has been used.31 In
particular, a study of the current-voltage characteristics and of
the dynamic conductance of PCs between the MgB:LSMO
composite and different metallic needles (In, Ag, Nb, and
La0.65Ca0.35MnO3) has been performed. Our key findings are
as follows: Three superconducting gaps are clearly observed.
We identified two of these gaps as enhanced MgB2 gaps,
while the third quasiparticle gap �tr cannot be attributed to
this superconductor. The magnitude of �tr is more than three
times larger than the largest MgB2 gap and is the same as
earlier detected in Refs. 29 and 30. Also, we found that all
the energy gaps vanish simultaneously as the temperature
increases towards TC of MgB2. Yet the temperature behavior
of �tr does not correspond to the BCS dependence. The
data obtained on the contacts with La0.65Ca0.35MnO3 give
additional arguments in favor of a spin-polarized supercurrent
in the composite.

The origin of the large quasiparticle gap �tr and the
enhancement of the MgB2 gaps cannot be explained on the
basis of the existing theoretical models. We believe the results

obtained indicate a type of superconducting proximity effect
which follows the scenario of a “latent” high-TC superconduc-
tivity in doped manganites as suggested in Refs. 29 and 30.
That is, MgB2 enhances the internal superconducting order
parameter phase stiffness in LSMO and, in turn, being in the
superconducting state, LSMO enhances the superconducting
characteristics of MgB2. Taking into account the half-metallic
properties of LSMO, the Curie temperature (i.e., the exchange
field) magnitude, as well as data documented on PCs between
composite and half-metallic manganite, it is likely that in the
case of LSMO we deal with even-requency p-wave spin-triplet
superconducting pairing.

The structure of the paper is as follows. Section II is devoted
to the sample preparation and experimental details. Section III
is the central one; here we present our experimental results
on the superconducting characteristics for bulk samples and
point contacts. We start Sec. IV by summarizing the main
experimental facts, and then we discuss our speculations
about a possible scenario explaining the observations. In
Sec. V we summarize the results and formulate the main
conclusions. This report may be considered as the next step
in our efforts29,30 to understand the phenomenon of the
mutual influence of singlet s-wave superconducting pairing
and the non-Fermi half-metallic ferromagnetic state of doped
manganites.

II. SAMPLES AND EXPERIMENTAL DETAILS

Stoichiometric MgB2 has a transition temperature TC0 =
39 K, the highest among conventional superconductors.32

MgB2, however, is by no means an ordinary superconductor,
but a superconducter with weakly interacting multiple bands
(two bands, σ and π ). It demonstrates distinct multiple
superconducting energy gaps (the σ and π gaps) with energy
�π = 2.3 meV and �σ = 7.1 meV at T = 4.2 K.32 The
coherence length ξS is anisotropic with ξab(0) ≈ 8 nm and
ξc(0) ≈ 2 nm.32 La0.67Sr0.33MnO3 is a HMF with TCurie =
320 K (see, e.g., Ref. 33). In this work, composites containing
submicron MgB2 powder and LSMO nanoparticles (about
20–30 nm in size) have been produced. Details of the LSMO
nanoparticle preparation can be found in Ref. 34. Comparative
investigations of the nuclear magnetic resonance and nuclear
spin-spin relaxation of 55Mn nuclei of nanopowders and
polycrystalline samples with the same composition confirmed
the presence of the ferromagnetic metallic state and phase
separation, which is typical for manganites, for particles of the
size we used.35

Powders with different weight ratios of LSMO and MgB2

were mixed and pressed (under pressure up to 60 kbars) in
stripes, and a number of samples of different composition
were obtained. Note that compared with high-temperature
superconducting oxides, obvious properties of MgB2 include
transparent boundaries without weak links, high carrier
density, high energy gaps, strong links among grains, etc.
(see, e.g., Refs. 36 and 37 and references therein). There is
not much influence on the MgB2 superconductivity when a
sample is contaminated or doped at a small ratio.

The composites obtained were analyzed by the method
of x-ray energy-dispersive spectroscopy (EDX) using an
INCAPentaFETx3 spectrometer and a JSM-6490LV scanning
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FIG. 1. SEM image of MgB2:La0.67Sr0.33MnO3 composite with
3:1 weight ratio (black, MgB2; light tone, La0.67Sr0.33MnO3).

electron microscope (SEM). As an example, one of the sam-
ple’s SEM micrographs is shown in Fig. 1. Magnetic properties
were measured with a commercial cryostat system (PPMS-9).
In all transport measurements the standard four-point config-
uration with the low-frequency ac technique was used. The
resistance was measured with a current of ∼50 μA. For
samples of the same (nominal) composition, sample-to-sample
fluctuations in magnitude of the critical temperature and the
critical current were detected. A weak hysteretic behavior
reflecting the magnetic subsystem’s prehistory dependence
was also observed.

Metallic contacts between the composite plate and a tip
were formed by pressing a needle-shaped wire against the
polished composite’s surface. The contacts were made at room
temperature and at liquid-nitrogen temperature as well, but
the results did not depend upon the method of preparation.
The contact parameters were stable, offering the possibility of
performing measurements in a wide temperature range. The
transition resistance of the current and potential contacts was
R ∼ 10−8 � cm2. The junctions’ resistance was much larger
(∼1–30 �), so that the rescaling effects can be neglected.
The analysis showed that we deal with the so-called Sharvin
contacts38 and the contact’s transport regime corresponds to the
intermediate regime, i.e., is neither ballistic nor diffusive (for
more details see Ref. 39). The PCs’ conductance dI/dV -V
spectra, which reflect the local density of states, were numeri-
cally derived from the current-voltage (I-V) curves.

III. EXPERIMENTAL RESULTS

A. Bulk characteristics

Representative temperature dependences of the normalized
resistivity R(T )/R(T = 39 K) of the (bulk) samples with
MgB2:La0.67Sr0.33MnO3 weight ratios 1:1, 3:1, and 4:1, as
well as of the MgB2 sample without manganite, are shown
in Fig. 2 (main panel). According to the R(T ) dependences,
below the superconducting transition temperature of MgB2,
the resistivity of the samples 3:1 and 4:1 sharply decreases.
The midpoint and complete (TC) superconducting transition
temperatures were determined from the R(T ) behavior as 30
and 20 K, respectively. The resistivity of the sample 1:1 also
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FIG. 2. (Color online) Temperature dependence of the nor-
malized resistivity R(T )/R(T = 39 K) of the samples of
MgB2:La0.67Sr0.33MnO3 with weight ratios 1:1, 3:1, and 4:1, as well
as of pure (weight ratio 1:0) compacted MgB2. Inset: the sample
resistivity at T = 300 K.

decreases, but the compound of this composition still remains
in a resistive state down to the lowest temperature 4.2 K.
Sometimes a hysteretic shift in R(T ) behavior reflecting the
(magnetic) prehistory dependence of the transition tempera-
ture was also detected. Below TC = 20 K, the characteristics
of the sample 4:1 basically reproduce those for the composition
3:1, and in what follows we concentrate on the results obtained
for the samples with weight ratio 3:1.

Figure 3 (main panel) shows the current-voltage character-
istic of the sample 3:1, taken at 4.2 K. We observe a clear

-4 -3 -2 -1 0 1 2 3 4

-1 0

-5

0

5

1 0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

-75 -50 -25 0 25 50 75

T = 4.2K

MgB
2
:(La,Sr)MnO

       1:1

I 
 (

m
A

)

V (mV)

T = 4.2K

MgB
2
:(La,Sr)MnO

       3:1

C
ur

re
nt

 (
m

A
)

Voltage (mV)

FIG. 3. Current-voltage characteristic of MgB2:La0.67Sr0.33MnO3

(3:1) sample. Inset: the same for the MgB2:La0.67Sr0.33MnO3 (1:1)
sample.
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FIG. 4. Temperature dependence of the magnetic susceptibility of
MgB2:La0.67Sr0.33MnO3 (3:1) sample. Inset: magnetization in high-
temperature region.

zero-resistance supercurrent branch, with a maximum value
for IC of 2.5 mA. From the I-V curves the critical current
IC of the composite was determined as the first deviation
from a vertical line around zero bias. The second deviation
from linearity around 0.6 mV bias, with a maximum value
of 8.9 mA, is attributed to the critical current of the MgB2

powder. In the current interval 2.5 < I < 8.9 mA, the sample
is in a resistive state and could be considered as a system
of small superconductive islands within a normal matrix.
For comparison, the I-V characteristic of the sample 1:1 at
4.2 K is also shown in Fig. 3 (inset). This system remains
in a resistive state; however, as for the 3:1 sample, an excess
current has been clearly observed; i.e., the MgB2 grains stay
in a superconducting state. Formally, the system is similar to
arrays of resistively shunted Josephson junctions.

The magnetic susceptibility χ (T ) and magnetization M(T )
of the 3:1 compound plotted for different temperatures are
shown in Fig. 4 (main panel and inset, respectively). It is
possible to see, with decreasing temperature, a transition
into a ferromagnetic state occurring at TCurie ≈ 320 K, and
then, below 39 K, a diamagnetic response is developed.
The measured magnetization hysteresis loops M(H ) for the
compacted MgB2 and sample 3:1 are illustrated in Fig. 5. For
the composite, note the nonzero value of M(H = 0) for the
initial branch of the magnetization curve. This shift in M(H ) is
directly related to the already mentioned magnetic prehistory
of the sample. These data provide unambiguous evidence that
the composite is a type-II superconductor with a strong vortex
pinning.

As already mentioned in the Introduction, the supercon-
ductivity in bulk composite systems has been extensively
studied within the percolation scenario.16–18 It has been
established that when the size of grains of the superconducting
material, d, is large enough, d � ξS , their basic intragranu-
lar characteristics (critical temperature, gap value, etc.) are
not affected by the proximity of the nonsuperconducting
component and remain close to the bulk value both above
and below the percolation threshold. For these systems, the
macroscopic transition temperature can be reduced due to
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FIG. 5. (Color online) Magnetization M(H ) curves of the
MgB2:La0.67Sr0.33MnO3 (3:1) sample and compacted MgB2;
T = 4.2 K.

suppression of the intergranular coupling. However, if a typical
grain size is smaller than the coherence length, d � ξS , the
basic intragranular characteristics are strongly affected by the
presence of the normal metal due to the proximity effect. For
such systems the macroscopic transition temperature will be
reduced due to both the proximity effect and the quality of the
intergranular coupling.17,18

For a three-dimensional sample the percolation theory
predicts fC = 0.16 ± 0.02, where fC stands for the percolation
threshold of the volume fraction of the superconducting
component, f , in the three-dimensional lattice percolation
model [i.e., fC is the percolation threshold of grains with
linear dimension ∼ξS (Ref. 18)]. Thus, for the composite
systems under consideration, the grains of the superconducting
material, MgB2, are large enough, i.e., d � ξS , and below the
percolation threshold the macroscopic transition temperature
TC should not be strongly dependent on composition variation
over a wide range. However, as seen in Fig. 2, for the
sample 1:1 with volume fraction about f = 0.33, i.e., about
two times larger than f C , there is no transition into the
superconducting state. Moreover, the TC is strongly reduced
from the compacted (weight ratio 1:0) MgB2 value TC0 = 30 K
even at concentrations when an infinite cluster of MgB2

percolating from one side of the sample to the other is sure
to exist: see the R(T ) data in Fig. 2 for the 3:1 and 4:1
samples. There are no reasons to expect a critical temperature
reduction due to the intergranular coupling because, as is well
established, MgB2 is characterized by transparent boundaries
without a weak-link problem.36,37

Thus, the bulk sample behaviors indicate that the conven-
tional percolation scenario, most probably, does not apply
here. To obtain additional arguments for or against this
conclusion, we perform comparative investigations on bulk
samples of submicron MgB2 and nanoparticles (about 10 nm)
of magnetite Fe3O4. Magnetite is a ferrimagnet with an
anomalously high Curie temperature ∼850 K. Band-structure
calculations (see, e.g., Ref. 40) have predicted that Fe3O4 is
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FIG. 6. (Color online) (a) Temperature dependence of the nor-
malized resistivity R(T )/R(T = 39 K), and (b) current-voltage
characteristic of the samples of MgB2:La0.67Sr0.33MnO3 with weight
ratio 3:1 and MgB2:Fe3O4 with weight ratio 2:1, as well as of pure
(weight ratio 1:0) compacted MgB2; T = 4.2 K.

a half metal with only one spin subband at the Fermi level.
Experimentally, spin-resolved photoemission on epitaxial thin
films indeed indicated a spin polarization of about 80% at room
temperature.41 However, below a Verwey transition at about
120 K, single-crystal Fe3O4 shows a nonmetallic (polaronic)
type of conductivity (see, e.g., Ref. 42). For our measurements,
the samples with different weight ratios of Fe3O4 and MgB2

were prepared in a mode similar to that used for the samples
with manganites.

Figure 6(a) shows the temperature dependences of the
normalized resistivity R(T )/R(T = 39 K) of three represen-
tative samples: the MgB:LaSrMnO with weight ratio 3:1,
the MgB2:Fe3O4 with weight ratio 2:1, and the compacted
MgB2 sample. According to the R(T ) dependences, the critical
temperature of the MgB2:Fe3O4 (2:1) composite is not affected
by the proximity of the nonsuperconducting component and
remains close to that of the compacted MgB2 system. That
is what one would expect, in accordance with conventional
percolation physics, for a system above the percolation

threshold. Figure 6(b) shows the current-voltage characteristic
of these three samples, taken at 4.2 K. For all systems we
observe a clear zero-resistance supercurrent branch, but with a
maximum value for IC different by orders of magnitude [about
two orders between MgB:LaSrMnO (3:1) and MgB2]. Again,
we see that the characteristics of the system with manganite
do not follow the conventional percolation scenario, while for
the system with magnetite they do.

The quantitative analysis of the results illustrated in
Figs. 2–6 is quite complex and will be carried out elsewhere.
We summarize here that predictions based on conventional
percolation physics do not work for MgB:LSMO nanocom-
posites; the basic system’s characteristics are strongly affected
by the ferromagnetic manganite due, most probably, to an un-
conventional proximity effect. This hypothesis will find further
confirmation in the point contact spectroscopy measurements.

To finish this section, let us note that much ear-
lier Kasai et al. investigated the current-voltage charac-
teristics of YBCO/La1−xCaxMnOz/YBCO (Ref. 43) and
YBCO/La1−xSrxMnOz/YBCO (Ref. 44) layered junctions
(here YBCO stands for YBa2Cu3Oy). Surprisingly, a supercur-
rent was observed through magnetic barriers as thick as 500 nm
for junctions with La1−xCaxMnOz and 200 nm for junctions
with La1−xSrxMnOz, that is, for barriers thicknesses much
larger than one can expect based on the conventional proximity
effect. Yet this phenomenon occurred only for manganese
oxides with x = 0.3–0.4. The authors suggested that the results
may be due to a novel proximity effect between YBCO and
doped manganites. To the best of our knowledge, so far the
observations of Refs. 43 and 44 have not been reasonably
explained, and the hypothesis has been neither proved nor
disproved. These experimental results, in our opinion, strongly
support our statement about unconventional superconducting
proximity effect in manganites.

B. Point contact spectra

The method of Andreev reflection spectroscopy is a direct
and sensitive method of studying such microscopic charac-
teristics of superconductors as the density of quasiparticle
states, the value of the superconducting gap, the symmetry
of the superconducting pairing, etc. We used the point contact
technique to measure directly the energy of superconducting
pairing in the heterostructures under consideration.31

Figure 7 shows representative dynamic conductance spectra
dI/dV = G(V ) of microconstrictions between In, Ag, and Nb
tips and the sample 3:1 (a configuration commonly called the
“needle anvil”) measured at T = 4.2 K. At low voltage, con-
ductance peaks corresponding to three superconducting gaps
with energies �1(π ) = 2.0–2.4 meV, �2(σ ) = 8.4–11.7 meV,
and �tr = 19.8–22.4 meV are clearly observed. (Further on,
we simply denote by � the position of the dI/dV minimum.
For PCs with a not too large 	 parameter, introduced by Dynes
et al.,45 this value does not differ too much from the true energy
gap.) Two of these gaps, �1(π ) and �2(σ ), we recognize
as enhanced MgB2 gaps, i.e., as originating (most probably)
from the �π and �σ gaps of MgB2, respectively. [Note,
to avoid confusion, that within experimental uncertainty, the
magnitude of the smallest �1(π ) gap still remains in range of
the bulk MgB2 gap.32 A possible explanation of this behavior
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FIG. 7. (Color online) The Andreev reflection spectra of In,
sample 3:1, Ag, sample 3:1, and Nb, sample 3:1 point contacts.

is that the σ - and π -band orbitals, having different parity,
are orthogonal in coordinate space, and interband transitions
are rare enough.46] The third gap, �tr, we attribute (see the
discussion below) to the intrinsic superconducting pairing in
LSMO. It is worth underlining here that the magnitude of �tr

is the same as those earlier detected in PCs of (La,Sr)MnO3

and (La,Ca)MnO3 with Pb or MgB2.29,30 Note that the PCs’
resistivity varied by orders of magnitude, but the multiple-gap
structure in the quasiparticle density of states of the composite,
as well as the gap energy magnitudes, were robust features of
the superconducting composites and were reproduced in all
PCs we prepared.

We detected that all the energy gaps vanish simultaneously
as the temperature increases towards TC of MgB2. In Fig. 8, the
temperature dependence of the energy gap �tr is shown. From
the BCS relation �(0) = 1.76kBTC , the �tr(0) gap would lead
to a superconducting state with TC ≈ 120 K. The classic BCS
gap temperature behavior is shown in the figure, too. As is
evident, the experimental behavior of �tr(T ) does not follow
the BCS dependence. In fact, the temperature dependence
of the largest gap detected, �tr(T ), directly proves that its
existence is not an “independent” property but is due to the
superconducting state of MgB2, i.e., it is due to some kind of
proximity effect.

Having suggested the possibility of a spin-triplet proximity-
induced superconducting state in doped manganites, it is
reasonable to try to reveal the supercurrent spin polarization.
Let us recall here that, at energies below the superconducting
gap, a charge transport through a normal nonmagnetic (N)
metal in contact with a SC is possible only due to a
specific process called Andreev reflection (AR),47 a two-
particle process in which, in the N metal, an incident electron
above the Fermi energy EF and an electron below EF with the
opposite spin are coupled together and transferred across the
interface into the SC side, forming a Cooper pair in the con-
densate. Simultaneously, an evanescent hole with opposite mo-
mentum and spin appears in the N metal. The charge doubling
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FIG. 8. (Color online) Gap �tr(T ) values (relative to the zero-
temperature gap) of the MgB2:La0.67Sr0.33MnO3 (3:1) composite as a
function of temperature and the BCS gap temperature dependence.

at the interface enhances the subgap conductance,48,49 and
this phenomenon has indeed been observed in the case of
a perfectly transparent interface. The picture is significantly
modified when spin comes into play. In particular, if the N
metal is a half-metallic ferromagnet, there is full imbalance
between spin-up and spin-down populations, which suppresses
the AR and reduces the subgap conductance to zero. This
physics was our motivation to investigate the current-voltage
characteristics of PCs between the sample 3:1 and another
half-metallic manganite, La0.65Ca0.35MnO3 (LCMO). Indeed,
according to the existing publications,50 including our earlier
measurements,39 the charge carrier polarization for LCMO is
large, greater than 75%. Thus, if a supercurrent in the com-
posite is unpolarized [an s-wave or a p-wave (S = 1, m = 0)
component of triplet pairing] the AR will be suppressed and
the subgap conductance will be reduced below the normal-state
value. On the contrary, if at both sides of the contact the charge
current is spin polarized, there is no restriction (because of
spin) on the AR and, as in the conventional case,48,49 an excess
current and a doubling of the normal-state conductance are
observed.

In Fig. 9 we documented the current-voltage, Fig. 9(a),
and the AR spectra, Fig. 9(b), of two representative PCs of
the composite (3:1) and LCMO. Note that the normal-state
resistivity of these contacts differs by about factor of 3, yet the
contacts demonstrate common specific features. Namely, at
low voltage, an excess current is unambiguously detected; the
conductance spectra are practically identical and reproduce all
the principal features of the system that have been detected for
PCs with In, Ag, and Nb: the enhanced gap �σ and the value
of �tr, in particular. Also, as in the cases shown in Fig. 9(b), for
all investigated contacts almost a doubling of the normal-state
conductivity has been observed. [An interesting feature which
characterizes the data in Fig. 9(b) is worthy of note. In the
region of voltage −�2(σ ) < eV < �2(σ ) the PC spectrum
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reflection spectra (b) of point contacts of the La0.65Ca0.35MnO3 (3:1)
composite.

coincides with a perfect one, i.e., as if we deal with the case
of a fully transparent barrier between metals.] The data in
Fig. 9 are an additional argument in favor of a spin-polarized
supercurrent in the MgB:LSMO composite.

At the end of this section, let us consider the eV > �tr

region. Inspecting the data in Figs. 7 and 9(b) for different
contacts, we find an additional dip at eV ≈ 31.8–34.2 meV.
To elucidate the origin of this dip, let us remember that an
alternative but equivalent way of thinking about the proximity
effect (or the microscopic origin of the proximity effect) is
through the AR processes. According to contemporary models
(see, for example, Refs. 51 and 52 and references therein),

for SC1-N-SC2 weak links or short constrictions SC1-c-SC2

between two superconductors, the differential conductance
dI/dV drops fairly abruptly due to multiple AR reflection
(-c- stands for constriction). These conductance drops appear
at voltages that correlate with the energy of quasiparticle gaps
divided by integers. The voltages at which the conductance
subharmonic structure appears (roughly, because the boundary
conditions at SC-N or SC-c interfaces are also important52) are
eVn = �1/n, eVm = �2/m, and eVl = (�1 + �2)/(2l + 1),
where the integers (l,n,m) are restricted depending on the
energy gap ratio (�1/�2). Whether a given conductance
drop is present and its prominence depend on the energy
gap ratio �1/�2, and for large differences between gaps,
�1 < 0.5�2 only the integers n > 0, l = 0, and m = 1 are
allowed. What is important for us here is that the resonances
can be observed only if both electrodes are superconductors.
There is no multiple AR when one of the electrodes is in a
normal state.

Returning to the additional dip in Figs. 7 and 9(b), we
found that this dip has a natural and quantitative explanation
if we assign �1 = �2(σ ) (=8.4–11.7 meV) and �2 = �tr

(=19.8–22.4 meV). Note that we have not found any additional
structure arising from multiple AR reflection and causing the
conductance dips at “forbidden” l �= 0. Thus, the observation
of the conductance drop at eV = [�tr + �2(σ )] is one more
piece of evidence that LSMO is in a superconducting state.
Simultaneously, this proves the fact that not the initial
value of the gap �σ but the enhanced �2(σ ) one is a
real gap in the quasiparticle spectrum of the MgB2 in the
composite.

IV. DISCUSSION

Before we get into a qualitative explanation of the ex-
perimental results, let us summarize the main experimental
anomalies that have been detected for the compounds under
consideration. The following features have been detected for
the bulk samples characteristics: (i) Superconductivity of the
samples MgB:LSMO with 3:1 and 4:1 weight ratios with a
midpoint transition at 30 K has been observed. (ii) The basic
attributes (critical temperature, current-voltage dependence,
percolation threshold, etc.), most probably, cannot be quan-
titatively explained within the framework of a conventional
percolation scenario. Point contact spectroscopy documented
the next peculiarities: (iii) Three distinct quasiparticle energy
gaps �1(π ), �2(σ ), and �tr are clearly revealed. Two of
these gaps were identified as enhanced gaps originating from
the MgB2. (Note that this feature cannot be detected in
the conventional point contact geometry.) The third gap,
�tr, was the same as those earlier detected in the PCs of
(La,Sr)MnO3 and (La,Ca)MnO3 with Pb or MgB2,29,30 and
thus could not be related to s-wave superconductivity. (iv)
The temperature behavior of the �tr gap does not follow the
BCS dependence.

In our opinion, the origin of the large quasiparticle gap
�tr and enhancement of the largest MgB2 gap �σ cannot be
explained on the basis of the existing theoretical models of the
proximity effect. The observed anomalies have a natural and
qualitative explanation within a scenario of a latent high-TC

superconductivity in doped manganites.29,30
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Theoretically, the proximity effect in normal-metal–two-
band hybrid structures has been considered by Brinkman
et al.53 A phenomenon was predicted in which the
superconductivity in a two-band SC is enhanced by the prox-
imity to a superconductor with a lower transition temperature
(SC′). The physics of this effect is explained by the coupling
between SC′ and the π band: the SC′ enhances the supercon-
ductivity in the (small) π band, whereas the π -σ interband
coupling causes an enhancement of the superconductivity in
the σ band. However, for the MgB:LSMO composite we found
three quasiparticle gaps, the largest of which, �tr, could not
be attributed to MgB2. Also, a substantial increase in the
magnitude of the largest of the MgB2 gaps, �σ , has been
detected. Thus, a question arises as to which of the observed
gaps is proximity induced.

Before giving a qualitative explanation of the observations,
we summarize the physics of the proximity effect at a
spin-active HMF/SC interface, as follows (see, e.g., Ref. 14
and references therein). The conversion process between the
singlet and equal-spin triplet supercurrents is believed to be
governed by two important phenomena taking place in the half
metal at the interface: (i) a spin mixing and (ii) a spin-rotation
symmetry breaking. Spin mixing is the result of the different
scattering phase shifts that electrons with opposite spin acquire
when scattered (reflected or transmitted) from an interface.54 It
results from either a spin polarization of the interface potential,
or differences in the wave-vector mismatches for spin-up and
spin-down particles at either side of the interface, or both. It is a
robust and ubiquitous feature for interfaces involving strongly
spin-polarized ferromagnets.

Broken spin-rotation symmetry leads to spin-flip processes
at the interfaces. Its origin depends on the microscopic
magnetic state at the HMF/SC interface, the character of
local magnetic moments coupling with itinerant electrons,
etc., and even varies from sample to sample. However, the
exact microscopic origin of spin-flip processes at the interface
is important only for the effective interface scattering matrix14

and not for superconducting phenomena, since Cooper pairs
are of the size of the coherence length ξS , which is much larger
than the atomic scale.

Due to spin mixing at the interfaces, a spin triplet (S = 1,
m = 0) amplitude f tr

↑↓(r) = (|↑↓〉 + |↓↑〉) is created and
extends from the interface for about the magnetic length
ξF = (DF /2πHexc)1/2 into the F layer (Hexc denotes the
exchange field in the F). (In the case of a fully spin-polarized F
the conversion of singlet pairs into triplet takes place entirely
within the singlet SC.14) At the same time, triplet pairing
correlations with equal spin pairs (S = 1, m = +1 or m = −1)
are also induced (due to spin-flip processes) in the F layer.
These components decay on the thermal length scale ξT =
(DF /2πT )1/2 which is much larger than ξF because in typical
cases the exchange field Hexc is much larger than TC . It is
worthy of emphasis that it is only the m = 0 triplet component
that is coupled via the spin-active boundary condition to the
equal-spin m = 1 pairing amplitudes in the half metal. The
singlet component in the s-wave superconductor, f s

↑↓(r) =
(|↑↓〉 − |↓↑〉), being invariant under rotations around any
quantization axis, is not directly involved in the creation of
the triplet m = 1 pairing amplitudes in the half metal.

Let us now proceed to our system. Within the double-
exchange interaction model for hole-doped manganites, the
itinerant charge carriers provide both the magnetic interaction
between magnetic moments of the nearest Mn3+-Mn4+ ions
and the system’s electrical conductivity. Also, several theo-
retical models and numerous experimental data suggest that
atomic-scale nonhomogeneity is an intrinsic feature of these
compounds surface (see, e.g., Ref. 33). Another characteristic
important for our discussion is that, due to Hund’s interaction
(for Mn3+ the Hund’s energy ∼1 eV), spin disorder serves as
a strong spin-scattering center for charge carriers. Due to the
short mean free path, which is typically of the order of the
distance of about a lattice parameter, the charge carrier probes
the magnetization on a very short length scale. At the interface
with the superconductor, the local moments are expected to
show a certain degree of disorder, and it is reasonable to
expect that the interface ferromagnetic-manganite–s-wave-SC
is a spin-active one. Following Refs. 29 and 30, we suggest that,
at low temperature, a noncoherent p-wave even-frequency
spin-triplet superconducting condensate already exists in half-
metallic manganites. Being proximity coupled to the singlet
SC, the m = 0 triplet component in the manganite is coupled
via the boundary condition to the singlet pairing amplitude in
the SC partner. At the same time, the spin-active boundary
leads to coupling of the m = 0 triplet component with an
equal-spin, m = 1, pairing amplitude in manganite. These
couplings yield phase coherency of both the m = 0 and
equal-spin m = 1 triplet Cooper pairs in the HMF with a
large quasiparticle gap �tr (>�π ,�σ ). As an inverse effect,
being proximity linked to the s-wave pairing amplitude, the
m = 0 amplitude of the triplet superconducting state enhances
the quasiparticle gap(s) of a singlet SC. Figure 10 illustrates
the described mechanism of the long-range phase coherency
due to the proximity effect in the nanocomposite. [Detailed
discussion of the physics shown in Fig. 10 is given in Ref. 30(b)
for proximity-affected PCs. Naturally, all arguments for a point
contact geometry are preserved for the HMF/SC interface in
the composite, and we refer the reader to Ref. 30(b).]

In mean-field BCS-Eliashberg theories with �(r) =
|�MF (r)|eϕ(r), the characteristic energy scale responsible for
the global transition temperature TC is the superconducting

( )↓↑〉↑↓〉−=↑↓ ||)(rf s ( )↓↑〉↑↓〉+=↑↓ ||)(rf t

( )↑↑〉↑↑〉+=↑↑ ||)(rf t

S = 1, m = 1

MgB2 : S-wave SC
S = 0, m = 0

pairing energy Δπ,Δσ

S = 1, m = 0

Enhancement 
of Δπ and Δσ

Manganite: pairing energy Δtr,
no phase coherency

Phase coherency 
with pairing energy Δtr (>Δπ,Δσ)

spin-flip scattering

Initial state

Proximity induced state

FIG. 10. A sketch of the long-range phase coherency due to the
proximity effect in the composite.
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energy gap |�MF (r)|. This implies that the spatial variation
in |�MF (r)| is small, and that the global phase coherence
temperature Tϕ is larger than (or equal to) TC . However, for
systems with small superfluid density the spatial variations
in the mean-field value |�MF (r)| could be large. As a
consequence, due to large spatial variations, fluctuation effects
become crucial in the regions where �(r) is small. Of these,
the most important are the thermal fluctuations in the phase
of the order parameter ϕ(r). In this case, the fluctuations in
the phase of the order parameter in mesoscopic “islands”
prevent long-range superconductivity, i.e., the global critical
temperature TC is determined by the global phase coherency,
whereas the pair condensate could exist well above TC .19,20

The experimental results shown in Fig. 8 support the picture
in which, at T > TC , metastable superconducting islands of
nonzero order parameter are frozen, while the long-range
coherence associated with a bulk superconducting state is
prevented by thermal fluctuations in the phase.

The important consequence of the presence of the Cooper
pair fluctuation above TC is the appearance of a so-called
pseudogap,19,24,55 i.e., decreasing of the one-electron density
of states near the Fermi level. In particular, according to one
point of view,19,23,25 in the pseudogap state high-TC cuprates
could be considered as an unconventional metal, i.e., as a SC
that has lost its phase rigidity due to phase fluctuations. A
large pseudogap is indeed detected in numerous experiments
on manganites,33 and it may be suggested that at least a
portion of the observed pseudogap value is due to pairing
without global phase coherency. A precursor diamagnetism
above TC provides additional arguments for survival of the
pair condensate well above TC in cuprates26,28 as well as
in disordered MgB2,56 and in oxypnictides.57 However, for
manganites, this kind of response may be strongly suppressed
by ferromagnetic order of the localized moments and the
spin-triplet state of the condensate.

At the end of this section, let us briefly discuss another
possible explanation which may be related to our observations
[for more extended discussion the reader is referred to
Ref. 30(b)]. It was predicted that in s-wave SC/F structures, so-
called odd-frequency pairing could take place.13 In this case,
the Cooper pair wave function is symmetric under exchange
of spatial and spin coordinates, but antisymmetric under
exchange of time coordinates. However, for odd-frequency
s-wave spin-triplet pairing the static gap is zero. We observe
a nonzero gap magnitude, and thus, in our opinion, this
mechanism13 of the proximity effect is not related to our
case. A giant proximity effect (a logarithmic dependence of
the junction critical temperature on the junction width) was
predicted for a tunnel junction of two SCs with the barrier
formed by a SC that has lost its phase rigidity due to phase
fluctuations.58 We think that to a certain extent this scenario58

of the proximity effect could be relevant to our case.

V. SUMMARY

Summarizing, to study the phenomenon of the unconven-
tional mutual influence of singlet s-wave superconducting
pairing and the non-Fermi half-metallic ferromagnetic state

of doped manganites found in Refs. 29 and 30, we prepared
MgB2–(nano) La0.67Sr0.33MnO3 composites. Superconductiv-
ity of samples of MgB:LSMO with 3:1 and 4:1 weight
ratios was observed. A few features have been detected for
the bulk sample characteristics which, in our opinion, can
hardly be explained within the framework of the conventional
percolation model. Using point contact spectroscopy, three
distinct quasiparticle energy gaps �1(π ), �2(σ ), and �tr

were clearly revealed. Two of these gaps were identified as
enhanced gaps in the quasiparticle spectrum of the MgB2

in the composite; the third gap �tr was the same as those
earlier detected in PCs of (La,Sr)MnO3 and (La,Ca)MnO3

with Pb or MgB2. A noteworthy argument is the temperature
behavior of the �tr gap, which does not follow the BCS
dependence. Andreev reflection spectroscopy on PCs between
the samples and half-metallic La0.65Ca0.35MnO3 electrodes
provides additional evidence in favor of an unconventional
superconducting state in the MgB:LSMO composite.

In our opinion, the results obtained testify to a type of
superconducting proximity effect which provides for phase-
coherency stiffness. Specifically, at low temperature in a
half-metallic ferromagnetic state of (La,Sr)MnO3, phase-
incoherent superconductivity (a local triplet pairing conden-
sate) exists. However, although the local gap amplitude is
large, there is no phase stiffness and the system is incapable of
displaying a long-range superconducting response. Nonethe-
less, local phase rigidity survives. Being proximity coupled
to MgB2, the long-range coherency is restored. Inversely,
the manganite in a superconducting state with large energy
pairing, due to the proximity effect, enhances the MgB2

superconducting state. That is, here we deal with some kind
of “mutual” proximity effect. Yet further experiments are
definitely needed in order to prove (or disprove) this scenario
and understand the mechanism causing the local triplet pairing
in doped manganites.

Finally, designing ways to raise the superconducting tran-
sition temperature has always been an important goal of
condensed matter research. Many believe (see, e.g., Refs. 19
and 27) that some compounds should be very high-temperature
SCs. These materials will play crucial roles for both fundamen-
tal science and applications. Specifically, so-called supercon-
ducting spintronics59,60 is one of the most attractive areas of
spintronics, and requires a class of superconducting materials
with spin-polarized transport. Our results demonstrate that
an effective source of a spin-polarized supercurrent can be
designed using nanogranular manganites and a conventional
s-wave SC. Also, elucidation of the origin of the latent high-TC

superconductivity in doped manganites will likely be a crucial
step in our progress towards understanding the physics of this
family of compounds.
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