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Abstract

A common path to superconducting spintronics, superconducting magno-
nics, and topologically protected quantum computing relies on spin-triplet
superconductivity. However, superconductors realizing spin-triplet p-wave
pairing are not common in nature. While naturally occurring spin-triplet super-
conducting pairing is very exclusive, proximity effects in ferromagnet/super-
conductor heterostructures can overcome this limitation. That is why artificial
nanostructures demonstrating equal-spin triplet superconductivity have attracted
special interest as new functional materials. In this chapter, we present the
results of experimental and theoretical investigations of proximitized nano-
composites based on half-metallic manganites — singlet s-wave or d-wave
superconductors. The experimental data obtained, and theoretical reasoning
give conclusive evidence that proximity induced long-range superconducting
state in such hybrid structures can be qualitatively and quantitatively under-
stood within the scenario of proximity induced p-wave spin-triplet supercon-
ductivity. It means that the superconductor-half-metallic manganites nano-
structures are promising functional materials for superconducting spintronics,
superconducting magnonics, and topologically protected quantum computing.
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3.1 Introduction

Over past decades, one of the basic directions in the condensed matter
physics has been search of materials for superconducting spintronics, super-
conducting magnonics, as well as materials with topologically protected quasi-
particle excitations for a quantum computer.

Digital superconductive electronics is inherently faster at much less power
dissipation than semiconductor analogue. That is why a superconducting
version of the conventional spintronics — superconducting spintronics — has
become the most attractive subject of spintronics in past decades [3.1-3.6].
The idea of combining superconductivity with spintronics and magnonics has
focused on the net spin polarization of quasiparticles in superconductors —
triplet Cooper pairs. Condensed materials with the spin-triplet superconducting
pairing state will have great potential applications in the field of supercon-
ducting spintronics and magnonics and recent experimental demonstration of
spin-polarized supercurrents in proximitized structures provides a guiding
principle of the functional materials establishment. The field of supercon-
ducting spintronics and magnonics offers new concepts for spin transmission
by combining superconducting phase coherence and magnetism [3.4, 3.7].
Spin-polarized supercurrent offers new ideas to carry information by spin
instead of charge, leads to massive reductions in ohmic losses and support the
development of novel spin-based devices. The exploration of superconducting
spin currents opens fascinating potential for novel spintronic device concepts.

At the present time in the condensed matter physics a ‘second quantum
revolution’ is carried out through the introduction of topology-originated
concepts used to characterize physical states and properties of solids (see, e. g.,
reviews [3.8-3.11] and references therein). With the introduction of topology,
the description of phase transitions and phases of the system expands and
includes not only differentiating in terms of a local (Landau) order parameter,
but also those characterized in terms of global quantities that are measured
nonlocally and which endow the system with a global stability to perturbations.
Topological state is a state of a matter characterized by nonzero topological
number of the wave functions and nontrivial topological states of their
quasiparticles. One of the promising motivations of topology-originated views
in the condensed matter physics is searching for materials to create a quantum
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computer. The most significant obstacles for successful realization of a quan-
tum computer are the quantum decoherence, i. e., a loss of information from a
system. In this regard, quantum computing, based on topologically protected
excitations has been considered as an attractive solution for overcoming the
related problems [3.12-3.16]. It processes quantum information in a nonlocal
fashion, and in addition exploits the peculiarities of non-Abelian braiding
statistics, allowing the performance of decoherence-free and fault-tolerant
qguantum logical operations [3.15]. In this standpoint, so-called Majorana fer-
mions have been proposed as elementary building blocks of a topological
quantum computing hardware [3.16].

Majorana fermions are fundamental particles originally proposed in 1937
by E. Majorana as a real solution to the Dirac equation. The Majorana fermion
is a fermion that is its own antiparticle has no charge but can carry spin or heat.
Among promising grounds for topologically protected non-Abelian excitations
like Majorana fermion is a superconducting state. Topological superconducting
states support topologically protected gapless Andreev bound states that are
their own antiparticles, and which partially mimic the so-called zero mode
Majorana fermions. Recently, a great effort has been put towards an unam-
biguous experimental detection of Majorana fermions in systems which,
as expected, can be in the topological superconducting state (see, e. g., re-
views [3.8-3.10] and references therein).

Though topological materials and their unusual properties are in a focus
of modern experimental and theoretical research in condensed matter physics,
beyond doubt, experimental identification / observation of Majorana quasipar-
ticles is still absent. Materials having good prospects for the topological super-
conducting phase realization are those with the spin-triplet superconducting
pairing state [3.10]. Indeed, in a p-wave superconductor (SC) Bogoliubov
quasiparticles, bks = UCks + VCks* = (U — V¥)Cks + (V*Ckos + VCko'), have both
electron and hole components of equal spin projection, ¢, and thus can possess
the Majorana fermions properties. The task is to create necessary conditions
when p-wave Bogoliubov quasiparticles are ‘forced’ to demonstrate their
Majorana fermions characteristics, i. e., when bks — (V*Cks + VC-ks'). Yet, SC
realizing a spin-triplet p-wave pairing is not common in nature; Sr.RuO4 with
the critical temperature Tc = 1.5 K being the only realistic candidate so far.
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A way that overcomes this difficulty settles in artificially engineered topolo-
gical materials. Artificially engineered topological superconductivity in SC-
magnet hybrid structures are currently attracting attention, because, as ex-
pected, they represent one of the most promising platforms for realizing topo-
logical superconducting phases [3.10, 3.17-3.21]. Particularly, Choy et al. has
proposed to create Majorana fermions by depositing a chain of magnetic nano-
particles on an s-wave superconducting substrate [3.17]. Chung et al. [3.18]
consider the creation of spin-triplet superconductivity and topological phase
in SC/ half-metal heterostructures (a half-metal is a spin-polarized metal at the
Fermi surface, i. e., a metal for the majority spin and an insulator for the
minority spin).

Superconducting phase needs cooling to quite low temperatures. For prac-
tical applications cooling with liquid helium is not adequate because the
handling is too error prone. In this chapter, we discuss a promising way for
creating artificial materials with a high-temperature triplet superconductivity.
These are hybrid spin-singlet superconductors—half-metallic manganites nano-
structures; in particular, nanocomposites of half-metallic manganites nanopar-
ticles and s-wave or d-wave SCs. A key factor of these hybrid structures is
local high-temperature triplet superconductivity of half-metallic manganites.
The experimental evidence for the existence of latent (noncoherent) spin-
triplet pairing in half-metal manganites is presented and conditions favoring
their topological superconductivity are discussed. Our findings presented here
are substantially based on the experimental results, especially obtained in
Refs. [3.22-3.36], evidencing unconventional superconducting proximity
effect in SC/ half-metallic manganites hybrid structures.

Summing the above, a common path to superconducting spintronics,
superconducting magnonics, and topologically protected quantum computing
relies on spin-triplet superconductivity. While naturally occurring spin-triplet
superconducting pairing is very exclusive, proximity effects in ferromagnet/
superconductor heterostructures can overcome this limitation.
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3.2 Coexistence of superconductivity and ferromagnetism,
proximity effect

Ferromagnetic order and singlet superconductivity are incompatible, since
in a ferromagnet (F) the exchange field Hexc splits conduction bands. In a ty-
pical metal ferromagnets the exchange energy is larger than the pairing energy
of electrons in singlet Cooper pairs by orders of magnitude, so that only triplet
amplitudes of the form f(r) = ga(r)|11> or f(r) = g2(r)|{ |> can be supported.
That is why, when a metallic F is in contact with s-wave SC, s-wave Cooper
pairs can penetrate into F layer by diffusing only over the small distance given
by the superconducting penetration depth & = (44Dr/Hexc)'?, here Dr is the
diffusion coefficient of the conduction electrons in the F layer).

The incompatible nature of superconductivity and ferromagnetic order
was confirmed in various materials and geometries. Yet, number of experi-
mental facts point also that a physical interpretation of the proximity effect
when Cooper pairs are broken by a strong exchange field Hexc in the F layer
can be too simplified. Long-ranged proximity effects have been observed in a
variety of ferromagnetic materials, including wires [3.37, 3.38], bi- and multi-
layers [3.39], half-metallic Lao.7Ca0.3sMn30 [3.40] and CrO: [3.41], rare-earth
metals with helical magnetic structure [3.42] etc. Coexistence of superconduc-
tivity and ferromagnetism close to the interfaces in hybrid SC/F systems leads
to unusual and interesting phenomena. If a ferromagnet with a uniform
exchange field is in a metallic contact with a SC, from a theoretical viewpoint,
the base physics is well understood, and the proximity effect is described by
considering the splitting of electronic bands of opposite spins [3.43]. The si-
tuation becomes more complicated when the magnetic structure is inhomo-
geneous. Theories [3.26, 3.44, 3.45] 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 & =
(ADr/2nT)Y2 that can be as large as ~100 nm at low temperatures (here T is
the temperature; we choose ks = 1). See, e. g., the discussion in Ref. [3.5, 3.26,
3.45] and references therein.

Magnetic inhomogeneities may, in principle, be artificially generated in
ferromagnets. Yet, existing technology cannot create them in a controlled way
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at the SC/F interface with a nanoscale precision so that the most realistic
scenario is to use a ferromagnet with given magnetic inhomogeneity. An inte-
resting limit of systems with tunable inhomogeneity of the magnetic partner is
SC/F nanocomposites. Being an experimentally accessible electronic system
with controllable parameters, such heterostructures offer a unique testing
ground for studying superconducting proximity effect in systems with an
arbitrary length of magnetic disorder. Superconductivity in a granular mixture
of superconductor-insulator films has been extensively studied, both experi-
mentally and theoretically, in the framework of the percolation theory (see,
e. g., Ref. [3.46]). The proximity effects in granular superconductor—normal-
metal structures are also explored [3.47, 3.48]. Proximity effects in composites
of a (nano)granular half-metal ferromagnet (hmF) and conventional s-wave or
d-wave superconductors will be discussed in Sec. 3.4.2.

Equal-spin p-wave triplet Cooper pairs are immune to the exchange field
and can propagate into ferromagnetic metals over the same long distance as
singlet pairs into normal metals. However, superconductors realizing a spin-
triplet p-wave pairing are not common in nature; Sr.RuOs with Tc = 1.5 K
being the only real candidate, so far. That is why artificial materials demonst-
rating p-wave superconductivity have attracted notable interest. A microsco-
pic quantum mechanism on which the long-range triplet condensate induced
in artificial materials is based on the Andreev reflection [3.49].

As is known, at energies below the superconducting gap, the charge
transport through a normal nonmagnetic (N) metal been in contact with a SC
is possible only due to the specific two-particle process, called Andreev
reflection [3.49]. In the N metal, an incident electron above the Fermi energy
Er and an electron below Er with the opposite spin are coupled together and
transferred across the interface into the SC side, forming a singlet Cooper pair
in the condensate. Simultaneously, an evanescent hole with opposite momen-
tum and spin appears in the N metal. This implies the doubling of the normal-
state conductance since two electrons are transferred across the interface into
the SC region where they form a spin-singlet Cooper pair. Unlike this con-
ventional Andreev reflection, a spin-active interface with interfacial spin-flip
scattering also yields Andreev reflection with an equal spin of electrons and
holes [3.5, 3.50], responsible for spin-triplet pair correlations, see Fig. 3.1. As
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the Cooper pair’s size is determined by the superconducting coherence length
s-wave Cooper pairs extend on a coherence length from the interface SC/F
into the F bulk and near the SC/F interface a singlet-triplet mixed Cooper pairs
state is formed. (For more details the reader is referred, e. g., to articles [3.5,
3.43, 3.45, 3.51]). The two phenomena, proximity effect and Andreev reflec-
tion are intertwined and cannot be discussed separately from each other. The
superconducting proximity effect is evidence of the macroscopic quantum co-
herence and prove the macroscopic character of the Cooper pair wave function.

Triplet
(5=1)
Singlet v SIA:‘I
(S=0)
: : ﬁ) ||l + 1)
—(\Tl |41 ))
~ S =—1

Fig. 3.1 — Andreev reflection at the SC/F interface. Adapted from Ref. [3.5]

Symmetry classification of Cooper pairs in superconductors. Note to
avoid confusion, here and below we mean the ordinary triplet pairing. That is
the Cooper pair wave function is even-spin, even-frequency, odd-momentum.
An unconventional new type of superconducting pairing function (even-spin,
even-momentum, odd-frequency) the so-called odd triplet pairing, was
predicted theoretically [3.45], too. To date, it remains under question direct
experimental verification of the odd-frequency symmetry Cooper pair wave
function, and we will not consider this superconducting state below.

3.3 Ferromagnetic manganites, spin-polarization,
and half-metallicity

Magnetic and transport properties of manganites RixAxMnQOs, where
trivalent cations R3* are substituted by divalent ones A%, are discussed in
detail in reviews [3.52-3.54] Here we summarized the main physics and
statements.
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Bulk samples. The initial compound RMnOs has a perovskite structure. It
is electrically homogeneous due to the single valence of the Mn®* ion and
below the Neel temperature Tn =~ 130 K exhibits an antiferromagnetic order.
Compounds of the type R1xAxMnOs, where a divalent ion A%* (= Ca, Sr, Ba,
Pb, ...) replaces the trivalent ion R**, are electrically inhomogeneous with a
competition between different types of magnetic interactions among the Mn
ions due to random positions of ions Mn3* and Mn*" having different ionic
radii, charges, and spins. When the concentration of the A%* ions exceed ~1/8,
the material undergoes a transition to a ferromagnetic state with a metallic type
of conductivity. The Curie temperature of the ferromagnetic state depends
significantly on the extent of substitution and the difference in the ionic radii
of the A%* and La®** ions. The highest value of Curie temperature, close to 360 K,
is attained in the compound LassSrzsMnOs. The ferromagnetic-paramagnetic
transition itself appears to be close to a second order phase transition and the
behavior of the system is described by critical indices corresponding (or close)
to a three-dimensional Heisenberg ferromagnet. (The specific realization of
the metal-insulator transition in manganites with colossal magnetoresistance
caused by inhomogeneities in the electronic and magnetic states of the
manganites near the Curie temperature is reviewed in Refs. [3.52-3.54]).

In terms of the traditional model proposed by Zener [3.55], magnetic and
transport properties of the substituted manganites are generated by the so-
called ‘double-exchange’ interaction. In brief, consider two cations Mn®*" and
Mn** located at equivalent crystallographic positions and separated by an O*
anion. The Mn* ion is in a t3; configuration and the Mn®* ion is in a t3 ;g
configuration. Because of the large intra-atomic Hund coupling, the three
electrons in the t,, level form a localized spin S = 3/2. Due to the same Hund

rule, the e, electron on the Mn** ion has its spin aligned parallel to the
localized spin of the ion. Since the positions of the Mn ions are equivalent, the
Mn3*—0% -Mn* and Mn* -0%-Mn?*" configurations are energetically
equivalent, i. e., the ground state of the pair is degenerate. It is natural to expect
a strong resonance coupling between the two configurations, which can be
interpreted as a state of two Mn** cations with a generalized e4-electron (or
Mn?* cations with a generalized hole). As an e -electron moves along the
lattice it is energetically favorable that all the localized spins be parallel to one
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another, i. e., a ferromagnetic ordering of the localized spins minimizes the
kinetic energy of the e,-electrons. When the substitution degree is sufficiently
high, the e, -electrons form a ferromagnetic metallic state. As a result, in the
ground state, all conducting electrons are spin-polarized in the direction of the
spontaneous magnetic moment and there are no electrons with opposite spins.
This type of metals is referred to as half-metallic ferromagnet (hmF), i. e., it
is a metal for the majority spin and an insulator for the minority spin [3.56].

Experimental data on manganites with a perovskite structure, where the
magnetic ions are ions of a single element with different valences, are in good
qualitative and quantitative agreements with this model. For example, Bowen
et al. curried out the measurements a current’s spin polarization in magnetic
tunnel junctions with the manganite La23Sr13MnQOs as the electrode material.
The results obtained suggest that the electrode’s current spin polarization is at
least 95 % [3.57]. That is why for inducing triplet correlations in a singlet SC
the high-transmission contacts of half-metallic ferromagnets and SC are most
promising ones. Yet, to overcome the spin conservation low and allow for
proximity induced triplet amplitudes in the ferromagnet, see Fig. 3.1, one
needs an inhomogeneous non-collinear magnetization in the interface region.
One such possibility is nanoparticles of hmF manganites.

Nanoparticles. A natural question arises whether the bulk characteristics
of manganite are retained in nanosized samples. In Refs. [3.58-3.60] pe-
rovskite-type manganese oxide nanoparticles (NPs) with particle sizes of 15—
30 nm and 100-200 nm were prepared and studied using >*Mn nuclear mag-
netic resonance, superparamagnetic resonance, and magnetic measurements.
The nuclear spin dynamics results provided direct evidence that the grain
boundary of NPs is not sharp in magnetic and electrical respects, but rather
should be considered as a transfer region of several (~ two) monolayers with
magnetic and structural orders different from the inner part of the grain. The
cores of the NPs are magnetically homogeneous. The local structure of the
outer shell is that of perovskites yet modified by vacancies, stress, disordering
of atoms in perovskite cells and broken bonds on the surface. The Curie
temperature, determined as the magnetization onset was close to that in a bulk
crystalline sample of the same composition. Electrical transport properties
support this physical picture. Hence, the manganites nanoparticle’s inner parts
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are magnetically identical to a bulk sample of the same composition, and in
the inner part the strength of the double exchange interaction and the half-
metallic conductivity are preserved.

3.4 Two-dimensional Berezinskii—Kosterlitz—Thouless topological
phase transition in three-dimensional nanocomposites

As already noted above, hybrid SC/hmF nano-heterostructures can enable
new intelligently tailored functionality and have gained attention over the past
few years as promising functional materials for superconducting spintronics.
Apart the purpose of superconducting spintronics functional materials, trans-
port properties of SC/hmF nanocomposites have been attracted a fundamental
interest themselves, as well. One of the distinctive features of SC/hmF nano-
composites is an unconventional superconducting proximity effect, that deter-
mines their important characteristics to be beyond the conventional chaotic
two-component nanostructures. Due to the proximity effect in SC/hmF nano-
composites, geometric contacts and electrical connectivity of individual
particles are often not the same issue [3.61 - 3.65].

To date, a few works have been reported on the study of transport pro-
perties of a SC with half-metallic magnetic nanoparticles composites. Uncon-
ventional double percolation transition was identified by Liu et al. [3.61] for
a binary network composed of MgB: superconductor and CrO2 hmF nano-
particles. It was shown that the double percolation transition (superconductor—
insulator-metal) is controlled by volume fractions of the components and
originates from the suppressed interface conduction and tunneling as well as
a large geometric disparity between particles [3.61]. In Ref. [3.62], Acharya
et al. prepared and studied electrical transport characteristics of
Bi2Sr.CaCu20g/BiFeO3 nanocomposite with various weight percentage of
superparamagnetic BiFeOs nanoparticles. Measurement of the critical current
density reveals that the superconducting transition temperature splits into two
ones, Tc1 and Tcz, along with broadening of overall superconducting transi-
tion. Such behavior has been attributed to a weak-link nature of a granular SC
as the latter is composed of superconducting grains embedded in a non-super-
conducting host. The point is that for nanoparticles the geometric contacts and
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electrical connectivity of individual particles are often not the same. Of the
two superconducting transitions temperatures, the higher one, Tc1, marks the
superconductivity in grains’ balk whereas the grain boundary remains normal,
and the lower one, Tc2, emerges when the grain boundary becomes super-
conducting, too.

Conventional Berezinskii—Kosterlitz—Thouless (BKT) transition [3.66—
3.68] in the case of superconducting system has topological nature and is
associated with a vortex-antivortex (un-) binding [3.69]. At temperatures
below Tekr, the vortex-antivortex pairs composite a bound state; for T > Tgkr,
the vortex proliferation takes place, and the system enters a Coulomb gas-type
state. This BKT topological transition is general and was observed in many
two-dimensional systems, such as superfluid and superconducting films [3.70],
two-dimensional spin systems [3.71, 3.72], etc. Although the BKT transition
is a well-known phenomenon on planar surfaces, for curved spaces the situa-
tion is not so clear. The realization of a classical BKT transition in nominally
three-dimensional systems has not an obvious case a priori [3.73, 3.74], as
well.

It is well known that in the vicinity of the BKT transition to a super-
conducting state the resistance of thin films is described by the expression (see,
e. g., the review [3.69] and references therein):

R(T) = Ryexp {—4a [%]1/ 2}. (3.1)
BKT

Here the parameter a is uniquely expressed in terms of the effective mass
of the core of a fluctuating vortex and an antivortex. It was shown [3.74] that
a is not an arbitrary constant of the order of unity but is causally related to the
effective mass u of the vortex core in a two-dimensional (2D) SC. To be exact,
o = ul uxy where uxy stands for the mass of the vortex core in the classical XY
model. In the most cases, when the two-dimensional nature of the film’s
superconducting transition is not in doubt, and especially for high-Tc cuprate
SCs, the ratio & = g/ uxy turned out to be limited by a rather narrow interval of
1< o s15[3.75,3.76].
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3.4.1 s-wave superconductor

In this subsection, we discuss transition from the normal state to super-
conducting one in chaotic two-component nanostructures, which are nano-
composites consisting of MgB2 superconductor microparticles and nanopar-
ticles of a half-metallic Laz3Sr1sMnOs (LSMO) ferromagnet (see Ref. [3.33]).
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Fig. 3.2 — (a) Experimental (solid curve) and theoretical [dashed curve, Eq. (3.1)]
dependences R(T) for the MgB2/Laz;sSr13MnQO3z (3:1) nanocomposite.
(b) The same dependences represented in a logarithmic scale on the ordinate axis.
Adapted from Ref. [3.33]

Figure 3.2(a) displays typical temperature dependence of the nanocom-
posite resistance R(T) (solid line) in a broad temperature range. In addition to
a steep fall of resistance at T < 7c that is typical of manganites (not shown in
the plot), there is a virtually linear dependence R(T) in the T* < T < 7c tem-
perature range that is followed by a significant decrease in resistance at a
temperature of T* = 40 K = Tco(MgB2) = 39 K, Fig. 3.2(a). Figure 3.2(b) dis-
plays the same dependence in a logarithmic scale on the ordinate axis. The most
interesting observation is that the temperature behavior of the resistance at
T < Tco is surprisingly well described by Eq. (3.1) [dashed lines in Figs. 3.2(a)
and 3.2(b)]. Thus, the R(T) behavior points that in the three-dimensional (3D)
nanocomposite, transition to a superconducting state goes through a BKT
transition similarly to a 2D system with the transition temperature Texr =~ 18 K
and parameter o = 1 — 1.2. It should be noted that the theoretical Eqg. (3.1) and
experimental R(T) dependences agree well in a broad temperature range of
Tco — Tekt = 20 K, where the resistance varies by three orders of magnitude.
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The transport characteristics of the nanocomposite also proved to be very
sensitive to the external high-frequency (HF) irradiation. Figure 3.3(a) shows
the effect of the HF irradiation on resistive transitions in the temperature range
Tkt < T < Tco. It should be noted that the HF signal applied to the MgB:
sample does not result in significant changes in the R(T) dependence [see the
R(T) dependence for MgB: in Fig. 3.3(a)]. At the same time, the resistance of
a nanocomposite increases inder the HF irradiation. The HF-signal caused
changes in the current-voltage (I1-V) characteristics of the nanocomposite are
shown in Fig. 3.3(b). The increase of the resistance and the decrease of the
excess current under the influence of a small amplitude of the electromagnetic
signal indicate that weak couplings (Josephson-like contacts) in the -MgB2—
LSMO-MgB2- chains are suppressed.
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Fig. 3.3 — The effect of the HF irradiation on the (a) resistive transition and (b) current-
voltage characteristics of MgB2/Laz3Sr13Mn0Os (3:1) nanocomposite.
The straight dashed line is plotted to visualize the effect of the HF irradiation
on the excess current lexc at 7= 4.2 K. Adapted from Ref. [3.33]

According to the classical BCS theory of superconductivity, an equilib-
rium density of Cooper pairs at the temperature Tco exists concurently with
the onset of a dissipation-free state. The superconducting state of the system
is described by a complex order parameter

O(r) = || exp{o(r)}, (3.2)

where |®| = A is the binding energy of a Cooper pair, and the phase ¢(r)
characterizes the coherent state of Cooper pairs. In the absence of the current
in a superconductor, ¢(r) = const. In 3D systems, the destruction of super-
conductivity usually occurs via vanishing the order-parameter modulus |®|,
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due to an increase in temperature to Tco or under the action of a magnetic field
having a critical magnitude. Distinguishing feature of 2D superconducting
systems is that a gas of fluctuations may exist in the form of spontaneously
generated magnetic vortices at a temperature below the temperature Tco of the
bulk superconducting transition (see, for example, the review [3.69]). The
vortices are generated in pairs with opposite directions of ring currents
(vortex—antivortex pairs), which annihilate after a finite time because of
collisions. In a zero magnetic field, the number of vortices having opposite
signs is the same and is determined by the dynamic equilibrium between their
spontaneous generation and annihilation. The wave-function phase changes
because of going around an immobile vortex by 27; therefore, the free motion
of vortices results in fluctuations of the phase. If the amplitude of the fluctua-
tions is large enough, the coherence of the superconducting state is lost. The
order parameter modulus A remains non-zero in most of the sample volume
(and vanishes only near the vortex axis).

If the temperature decreases, the BKT transition occurs at some tempera-
ture Texr (< Tco): vortex pairs are no longer generated, vortex density sharply
decreases to become exponentially small, and dissipation becomes exponen-
tially small as well. Thus, in the Tekr < T < Tco temperature range, Cooper
pairs coexist in 2D superconductors with vortices. Dissipation decreases due
to the presence of Cooper pairs but does not vanish. In samples with defects,
the BKT transition broadens due to internal non-uniformities, and this circum-
stance should be considered to ensure that the numerical estimates of system
parameters are correct [3.75, 3.76].

If a sample consists of superconducting granules embedded into a normal
(non-magnetic) metal, the superconducting state is destroyed by another
mechanism: transition to the resistive state occurring due to the loss of phase
coherence in the system with a finite order parameter modulus |®| in individual
superconducting granules (see, for example, the review [3.77]). This implies
that the system is in the dissipative state, while individual granules remain in
the superconducting state. In this case, charge may be transferred from one
granule to another via two channels jiwt = js + jn: by the Josephson current js
and uncorrelated electrons jn. If charge is transferred by the Josephson current
of Cooper pairs, the phases of the order parameter between granules partici-
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pating in the current transfer are correlated, and a macroscopic superconduc-
ting state is established between them. However, the Josephson currents can
be suppressed by fluctuations, such as due to a large normal resistivity between
granules or external influences. Then the charge is transferred between the
granules due to single-particle excitations, jiot — jn = eNe, the concentration of
which, Ne, is exponentially small in the granules due to their superconducting
state: Ne o< exp(—A/T) (e is the electron charge). In the general case, a resistive
state with a non-zero equilibrium density of Cooper pairs is realized in the
system. This is manifested experimentally by the emergence of an excess
current in the current-voltage characteristics of the sample.

Specific features of the BKT transitions in superconductor / normal metal
(SC/N) proximity structures were studied in Refs. [3.78-3.80]. Particularly, in
proximity Pb—Sn film contacts in the temperature range Tco(Sn) = 3.75 K <
T < Tco(Pb) = 7.3 K the authors of Ref. [3.78] observed a resistive transition
to the superconducting state that reproduces the main features of the BKT
transition. In the same temperature range, nonlinear current-voltage
characteristics were observed as it had been predicted in Ref. [3.79] for the
case of the topological ordering of vortices in 2D superconductors.

Although the layered proximity SC/hmF structures have been actively
studied using both experimentally and theoretically (see, for example, re-
views [3.26, 3.45, 3.51] and references therein), a satisfactory description of
the properties of SC/hmF nanocomposite materials is still missing. As was
noted above, main characteristics of SC/hmF nanocomposites (critical tran-
sition temperatures, current-voltage characteristics, percolation transition
thresholds, etc.), most likely, cannot be quantitatively described by standard
percolation models (see a discussion in Refs. [3.33, 3.34]). The analysis of the
structure of the MgB2/LSMO nanocomposite shows that nanosized LSMO
grains fully ‘cover’ the significantly larger MgB: granules. This assumption
is supported by measurements of sample density after pressing. For example,
the density of the MgB: plates produced under a pressure of 40-60 kbar is
(72 £ 3) % of the MgB:2 single crystal density. The density of the LSMO
nanopowder compressed under the same pressure was a mere (68 = 3) % of
the single-crystal density. At the same time, the density of the MgB2/LSMO
(26 % LSMO) composite was (96 = 3) % of the calculated value. Such a high
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composite density indicates that the LSMO nanoparticles ‘spread’ under high
uniaxial pressure across the sample volume, filling in pores that surround large
MgB: granules.

Under these types of conditions, the onset of superconductivity occurs in
each MgB2 microgranule independently, and BCS-type fluctuations are formed
at the temperature of the condensate formation in bulk MgB2. The magnetic
fluxes caused by the magnetization of manganite nanoparticles are coupled to
these nanoparticles and no longer fluctuate at temperatures T << 7c. A resis-
tive state emerges in the nanocomposite, featuring a nonzero equilibrium con-
centration of Cooper pairs and a frozen magnetic field created by the LSMO
nanoparticles. If the temperature decreases further, a (quasi-) two-dimensional
structure is most likely formed in the system in the Text < T < Tco temperature
range; it consists of superconducting granules covered by ferromagnetic nano-
particles (hmF-SC-hmF). The manganite nanoparticles contacting with MgB2
transitioned to the superconducting (triplet) state induced by the proximity
effect [3.28-3.30].

This physical model provides an explanation for the agreement between
the observed dependence R(T) (Fig. 3.2) and Eq. (3.1) deduced for 2D systems.
Thus, we are dealing with a composite, the main resistive losses of which are
caused by current flowing through the ferromagnetic LSMO granules that
cover the MgB:2 granules (an analog of a 2D shell / plane). As the temperature
decreases, the processes that result in the BKT transition are realized in the
two-dimensional superconducting LSMO layers (contacting with MgB>). In
the superconducting state of the nanocomposite, an overcurrent flows through
the Josephson-like junctions ~-SC-hmF-SC-hmF-SC-. If the nanocomposite
is irradiated with a small-amplitude HF signal, the currents induced by the HF
signal are sufficient to suppress weak Josephson junctions between supercon-
ducting LSMO nanoparticles. This contributes to the creation of single-particle
charge carriers, which is recorded as the emergence of additional resistance
and the decrease in the excess current (Fig. 3.3). That is, in the nanocomposite,
the main effect of the high frequency field is the destruction of the coherent
state of weakly linked Josephson junctions formed by manganite layers that
are in a superconducting state due to the proximity effect (for more details, see
Ref. [3.81, 3.82]).
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3.4.2 d-wave superconductor

MgB: is an s-wave superconductor. In this subsection, we discuss results
of experimental investigations and theoretical analysis of the transition to a
superconducting state of random binary nanocomposites of d-wave cuprate SC
Bi2Sr2Ca2CusOe+x (Bi2223) microparticles and hmF Laz3SryzMnOs (LSMO)
nanoparticles — Bi2223/LSMO nanocomposites [3.34, 3.35].
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Fig. 3.4 — The nanocomposite’s (20 % LSMO) resistance temperature dependence.
Main panel: Experimental, black solid curve, and theoretical, Eq. (3.1), red dashed
curve, R(T) behavior. Insert: Effective « = 1l uxy where uxy is the vortex core mass
in the classical XY model. Adapted from Ref. [3.35]

Figure 3.4 displays experimental temperature dependence of the 20 vol. %
of LSMO nanocomposite (black solid line) resistance R(T) in a temperature
range below Tco of Bi2223. In addition to a steep fall of resistance at T < Tco,
there is a virtually parabolic dependence R(T) in the temperature range ~ 30—
60 K that is followed by a significant decrease in resistance. The most interesting
observation is that the nanocomposite’s resistance temperature behavior at
T < 55K is surprisingly well described by Eq. (3.1), red dashed curve in
Fig. 3.4. It should be noted that the theoretical Eq. (3.1) and experimental R(T)
dependences agree well in a broad temperature range of AT =32+ 55K,
where the resistance R varies by three orders of magnitude. Such R(T) depen-
dence points that the 3D nanocomposite goes through the BKT-like transition
similarly to a 2D system with the transition temperature Tekt ~ 32.5 K and the
parameter a equals to = 1.27.
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In the context of the genuine BKT transition broadening in inhomo-
geneous layered SCs, the temperature behavior of the 1-V characteristic should
correspond to the dependence V ~ [I]X(, with the exponent a(Tekr) = 3 and
a(T) —> 1 above Tekr [3.75, 3.76, 3.79, 3.80]. Figure 3.5 (a) displays a loga-
rithmic plot of I1-V characteristics of the sample with 20 % LSMO at tempera-
tures spanning the range Texkt < T < Tco. At T = 52.5 K the |-V curve is appro-
ximately linear, while at Texr, V ~ I3. Experimental (points) temperature de-
pendence of the parameter a(T) in V ~ |I[AM dependence is shown in Fig. 3.5 (b),
as well. The choice of Text which provides the best fit to the resistance
theory [3.79, 3.80] also corresponds to the value at which the 1-V curves have
an exponent a(Tekr) ~ 3. Again, we have observed that the transition to a
superconducting state, the 3D nanocomposite’s |-V characteristics, are well
described within a 2D topological transition approach and is associated with
the BKT-like superconducting transition [3.75, 3.76, 3.79, 3.80].
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Fig. 3.5 - (a) Logarithmic plot of I-V characteristics of the sample 20 % LSMO
at temperatures spanning the range Tekt < T < Tco (T = 31.0 K, 32.3 K, 39.3 K, 39.7 K,
423K, 42.7K, 46.8 K, 48.8 K, 50.8 K, 52.7 K); points — experiment, blue solid lines —
theory. (b) Experimental data (points) and quadratic approximation (solid line) for the
temperature dependence of the parameter a(T), V ~ |[IXD. Adapted from Ref. [3.35]

As in the case of the MgB2/LSMO nanocomposite, it is naturally to
suggest that the Bs2223/LSMO sample’s resistivity distinctive features are
determined by an inhomogeneous spatial distribution of the local supercon-
ducting grains coupled by Josephson currents. The validity of the experimental
data interpretation has been supported by the effect of an external HF radiation
on the nanocomposite’s transport characteristics.
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Fig. 3.6 — Effect of the HF radiation ~ 100 MHz on the resistive transition of a Bi2223
sample and nanocomposites with 20 % of LSMO. Adapted from Ref. [3.35]

Figure 3.6 demonstrates the effect of the HF irradiation on resistive
transitions in the temperature range T<Tco in the nanocomposites
Bi2223/20%LSMO and in compacted Bi2223 sample. As it is shown in
Fig. 3.6, the HF signal applied to the compacted Bi2223 sample does not cause
noticeable changes in the R(T) dependence. At the same time, when the nano-
composite is a subject of the HF irradiation, a tail with an upward curvature
change demonstrating increasing resistance. This is typical for the fluctuation
resistivity near the Tekr transition [3.77] when the resistive tail can be attri-
buted to the inhomogeneous spatial distribution of the local superfluid, caused
by intrinsic inhomogeneous density distribution in the systems.

The changes in the IBV characteristics of the 20 % LSMO nanocompo-
site’s superconducting state under the HF radiation are shown in Fig. 3.7. At
small amplitudes of the electromagnetic signal, an increase in the resistance
and a decrease in the excess current indicates that weak couplings (Josephson-
like contacts) are suppressed in the —Bi2223-LSMO-Bi2223- chains. Thus,
the transport characteristics of the 3D nanocomposite are extremely sensitive
to the external HF radiation.

Thus, as for the MgB2/LSMO nanocomposite, in the case of the
Bi2223/LSMO nanocomposite the proximity effect possesses a few specific
peculiarities.

104



30t

.- P=20dB T
15t . P=60dB
< - P=40dB -
€ bkl i

. Bi2223-LSMO (4:1
asp - (1)

T=42K

30

0 50 5 10
V, mV

Fig. 3.7 — Effect of the HF radiation ~ 100 MHz on current-voltage characteristics
of the nanocomposite with 20 % LSMO. Adapted from Ref. [3.35]

First, because the contacts between Bi2223 grains are in the bulk through
the half-metallic LSMO nanograins, this causes significant broadening of the
nanocomposite transition to a superconducting state. Second, for high-Tc SCs
with a d-wave Cooper pair symmetry [3.26], theory predicts, and experiment
provides evidence that in proximity coupled d-wave SC/ferromagnet
structures an unconventional (spin-triplet) superconducting state can be
generated. This also means that in the nanocomposite a new geometrical
length has been generated that characterizes unconventional superconducting
state (a mixture of d-wave singlet and p-wave triplet Cooper pairs) in the
proximity-coupled regions.

3.4.3 Discussion

The main physical message of the experimental data shown in Figs. 3.2—
3.7 is that the observed Berezinskii—Kosterlitz—Thouless-like behavior of the
transport properties of nanocomposites are due to two scales typical for this
type of systems. Namely, they are (i) a significant difference between the
geometric dimensions of the components and (ii) a p-wave superconducting
state of the LSMO nanoparticles induced by the proximity effect.

In bulk (three-dimensional, 3D) composite systems superconductivity has
been studied within the percolation scenario. It is well established, when the
grains of a superconducting material, d, are large enough, d >> &, their basic
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intra-granular characteristics (critical temperature, superconducting gap, etc.)
are not affected by the proximity of the non-superconducting component and
remain close to the bulk value of a quantity both above and below a percolation
threshold. For a bulk composite with roughly the same geometrical size of com-
ponents, the lattice percolation model [3.83-3.85] predicts fc =0.16 £+ 0.02 for
the percolation threshold of the volume fraction, f, of a superconducting com-
ponent (fc being a percolation threshold of superconducting grains with the
linear dimensions = &). Thus, according to the conventional lattice perco-
lation model, for the nanocomposite systems under consideration with large
grains of the superconducting material, above the percolation threshold of the
volume fraction fc, the macroscopic transition temperature Tc should not be
strongly dependent on the contents variation. However, even for the SC/hmF
samples with the volume fraction f ~ 0.6, i. e., about three times larger than
the conventional percolation model predicts, there is no transition into a super-
conducting state. Moreover, as it follows for the R(T) data [3.33, 3.35] the
transition temperature Tc is strongly reduced for the samples with 80, 75, and
70 vol. % of the superconducting component (20, 25, and 30 vol. % of LSMO),
i. e., even at concentrations when an infinite percolating cluster of MgB2 or
Bi2223 grains should be formed. Thus, the predictions based on the conven-
tional percolation models fail for the s-(d-)-wave SC/hmF nanocomposites
most probably due to two factors: (i) essential difference in the components’
geometrical size and (ii) unconventional (spin-triplet) superconducting pro-
ximity effect.

As is known, below the superconducting transition, an indirect (due to the
proximity effect) coupling between constituent components emerges. In
SC/hmF heterostructures a long-range proximity effect will be realized effec-
tively, and a triplet component of anomalous correlations should be taken into
consideration if there is a spatial variation of the magnetization at the ferro-
magnet surface [3.23-3.26, 3.37-3.43, 3.86-3.90]. Characteristic coherence
length of triplet correlations & = (De/2nT)Y? can be as large as ~ 100 nm at
low temperatures. In previous works, anomalous superconductivity has been
indeed detected in SC/hmF nanostructures [3.30, 3.38] and in SC/hmF junc-
tions [3.23, 3.25, 3.28, 3.39]. It was argued that at low temperatures, man-
ganites are thermodynamically close to a superconducting state with a triplet
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p-wave even frequency pairing [3.28-3.30, 3.36]. Being proximity coupled to
a singlet SC, the m = 0 triplet wave-function component is coupled in the
manganite via the boundary condition to the singlet pairing amplitude in the
SC counterpart. 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 the manganite. These couplings yield phase coherency of both m = 0 and
equal-spin m = 1 triplet Cooper pairs in the hmF manganite. Dependence of
the scale of superconducting correlations on the intrinsic magnetic field in-
homogeneity is a feature of the proximity effect in mesoscopic hmF/SC struc-
tures [3.26, 3.43, 3.44, 3.51, 3.86 - 3.90].

Under these specific conditions, the nanocomposite’s transition to a super-
conducting state, most probably, is followed the next ‘evolution scenario’. The
onset of superconductivity occurs independently in each SC microgranules at
the temperature of superconducting condensate formation in the bulk SC.
Magnetic fluxes are caused by the manganite nanoparticles’ magnetization
and at temperatures T < Tco < Tcurie (LSMO) magnetic fluxes are confined to
the manganite nanoparticles. That is, in the temperature range Text < T < Tco,
a resistive state emerged in the nanocomposite is featured by a nonzero
equilibrium concentration of Cooper pairs in the SC microparticles and frozen
magnetic vortices created by the LSMO nanoparticles. A 3D structure is
formed in the system. It consists of the superconducting granules covered by
the ferromagnetic nanoparticles: -hmF-SC-hmF-SC- ‘brickwork’ structure.
If the temperature decreases further, BKT-like superconducting correlations
in the bulk s-(d-)-wave SC/LSMO nanocomposite emerge due to the emergence
of the effective 2D percolation cluster of a specific superconducting state.
Namely, the 2D supercurrent percolation is fulfilled through hmF nanopar-
ticles layer following the ‘brickwork” scheme. Due to the proximity effect at
magnetically inhomogeneous SC-LSMO interfaces, the superconducting state
of the percolation layer is a mixture of s-(d-)-wave singlet and p-wave triplet
Cooper pairs.
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3.5 Triple-gap superconductivity of MgB2—(La, Sr)MnOs
nanocomposite

Another topic of nowadays fundamental interest is a spatial inhomoge-
neity in the superconducting density of states and the superconducting state,
which is governed by quantum phase fluctuations [3.91-3.95]. Most mean-
field theories assume that the relation Ty > Ty is fulfilled between the tem-
peratures of electron pairing Ta and the long-range phase coherency Tg. This
means that global phase coherency and the energy gap appear (vanish) at the
same temperature, mainly due to the opening (disappearing) of the gap with
temperature. However, it has been shown (see, e. g., reviews [3.77, 3.91]) that
for systems with low conductivity and small superfluid density (bad metals),
the temperature of the global phase coherency Ty is reduced significantly and
becomes to be comparable to or even smaller than the pairing temperature Ta.
In this case, the critical temperature Tc is determined by the global phase co-
herency, whereas a local pair condensate could exist well above Tc. 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 discussion (see, e.g., Refs. [3.92-3.95] and
references therein). A new stimulus for active debates in this area is motivated
by the search for materials with triplet fluctuation superconductivity.

At energies below the superconducting gap, the 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) [3.49, 3.96-3.98]. This is a
two-particle process in which, in the N metal, an incident electron above the
Fermi energy Er and an electron below Er with the opposite spin are coupled
together and transferred across the interface into the SC side, forming a Cooper
pair in the condensate. Simultaneously, an evanescent hole with opposite mo-
mentum and spin emerges in the N metal. The charge doubling at the interface
enhances the sub-gap conductance and this phenomenon has indeed been
observed in the case of a perfectly transparent interface. The picture is signi-
ficantly modified when spin comes into play. If the N metal is a half-metallic
ferromagnet, there is full imbalance between spin-up and spin-down popu-
lations, which suppresses the AR and reduces the sub-gap conductance to zero.

According to the existing publications [3.99-3.102] the charge carrier
polarization for LCMO is large, greater than 75 %. Thus, if a supercurrent in
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the composite is unpolarized [an s-wave or a p-wave (S = 1, m = 0) component
of triplet pairing] the AR will be suppressed, and the sub-gap 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 [3.96-3.98] an excess
current and a doubling of the normal-state conductance are observed.

Figure 3.8 shows representative dynamic conductance spectra dl/dV =
G(V) of micro-constrictions 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 voltages, conductance peaks corresponding to three superconducting
gaps with energies A(n) = 2.0 — 2.4 meV, A(c) = 8.4— 11.7 meV, and Ay =
19.8 — 22.4 meV are clearly observed. (In the figure, the position of the dI/dV
minimum is denoted by A. For PCs with not too large lifetime-broadening
effects, this value does not differ much from the proper energy gap [3.103]).
Two of the gaps, A(r) and A(c), were identified as MgB2 gaps (to be precise,
as ones originating from the A(r) and A(c) gaps of MgB., respectively). The
magnitude of the smallest A(x) gap remains in the range of the bulk MgB:
gap [3.104]; the gap A(c) was recognized as enhanced MgB2 A(c) gap.
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Fig. 3.8 — Point-contact Andreev reflection spectra of In, Ag, and Nb tips and
MgB./Lao67Sr0.33Mn0Os (3:1) nanocomposite; T = 4.2K. Adapted from Ref. [3.30]

The third gap, Aw, the authors [3.30] attributed to the intrinsic super-
conducting pairing in the (La, Sr)MnOz compound. The absolute value of Aw
is the same as those also detected in PCs of (La, Sr)MnOs3 and (La,Ca)MnO3
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with Pb or MgB:2 [3.28, 3.29, 3.102]. The magnitude of Ay is more than three
times larger than the largest ‘parents’ A(c) = 6.8—7.1 meV MgB: gap [3.104].
Note that the PCs’ resistivity varied by orders of magnitude, while the
multiple-gap structure in the quasiparticle density of states, as well as the gap
energy values, were robust features and reproduced in all PCs have been
prepared.

In Fig. 3.9, we present an experimental temperature dependence of the
energy gap Au(T) [3.30]. For comparison, the conventional Bardeen—Cooper—
Schrieffer BCS gap temperature behavior is shown in the figure, too. From the
BCS relation A(0) = 1.76ksTc, the Aw(0) = 19.8-22.4 meV gap would lead to
a superconducting state with Tc = 120 K. Yet, the energy gap A«(T) vanishes
as the temperature increases towards Tc = 39 K of MgB2. Evidently, the ex-
perimental behavior of A«(T) does not follow the BCS dependence. The tem-
perature dependence of the largest gap detected, Aw(T), directly proves that its
emergence is not an ‘independent’ property but is due to the superconducting
state of MgB., i. e., due to the proximity effect.

The results presented in Figs. 3.8 and 3.9 convincingly show that, at low
temperatures, a noncoherent p-wave even-frequency spin-triplet superconduc-
ting 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.
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Fig. 3.9 — Experimental (square points) A«(T) gap temperature behavior (normalized
to the zero-temperature gap) of the MgB2/La0.67Sr0.33Mn0Os (3:1) nanocomposite
and the BCS gap temperature dependence (black solid line). Adapted from Ref. [3.30]
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Fig. 3.10 — A sketch of the long-range phase coherency due to the proximity effect
in the SC/hmF nanostructures. Adapted from Ref. [3.30]

At the same time, the spin-active boundary leads to coupling of them =0
triplet component with an equal-spin, m = 1, pairing amplitude in manganite.
These couplings yield phase coherency of both m = 0 and equal-spinm =1
triplet Cooper pairs in the HMF with a large quasiparticle gap Av (> Ax, Ao).
As an inverse effect, being proximity linked to the s-wave pairing amplitude,
the m = 0 amplitude of the triplet superconducting state enhances the quasi-
particle gap(s) of a singlet SC. Fig. 3.10 illustrates the described mechanism
of the long-range phase coherency due to the proximity effect in the nanocom-
posite.

3.6 Local triplet superconductivity of half-metallic manganites

As was noted above, the transition to the superconducting state is accompa-
nied and is caused by a rearrangement of the electronic spectrum with the
appearance of a gap at the Fermi level. The state is characterized by a complex
order parameter (see, e. g., reviews [3.77, 3.91]):

A(r) = |A(r)lexpip(n)]}, 3.3)
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where the modulus of the pairing energy, namely 2|A(r)|, is the gap value
in the electronic spectrum. In the mean field theory, temperatures of the elect-
ron-pairing effect, T, and the long-range (global) phase coherency, T,, coin-
cide and yield the critical temperature, Tc. This implies that the spatial varia-
tions in |A(r)| are small, and that global phase coherence temperature T, is
larger than (or equal to) Tc.

In a system with a small superfluid density (bad metals with an electron
concentration that is substantially less than that characteristic of conventional
metals) the spatial variations/ fluctuations in the order parameter A(r), e. g.,
due to thermal effects, become crucial in the regions where pairing energy
value |A(r)| is small. As the result, in a bad metal, thermal fluctuations in the
global phase coherency of the order parameter are the most important ones.
The fluctuations of the order parameter phase ¢(r) in mesoscopic ‘islands’
prevent the long-range superconductivity. Therefore, for systems with low
conductivity and small superfluid density, the temperature of the system’s
global phase coherency T, can be reduced significantly and could be smaller
than the “islands’ pairing temperature Ta. Then the superconducting transition
temperature Tc is determined by the global phase coherency, whereas the pair
condensate could exist well above Tc =T, < Ta [3.77, 3.91-3.95].

An important consequence of Cooper pairs fluctuation above the transi-
tion temperature Tc is the appearance of the so-called pseudo-gap [3.77, 3.92—
3.95], i. e., a reduction of the single-electron density of states near the Fermi
level. According to the viewpoint expressed in Ref. [3.92], the pseudo-gap
state in high-Tc cuprates could be considered as an unconventional metal, i. e.,
as a SC which has lost its phase stiffness due to phase fluctuations. Doped
manganites belong to bad metals, and a large pseudo-gap is detected in nu-
merous experiments on manganites [3.105-3.108]. It may be suggested that at
least a part of the observed pseudo-gap value is due to pairing without the
global phase coherency. In cuprates, an additional argument for the local pair’s
condensate existence at T > Tc is a diamagnetism observed just above Tc, i. €.,
when temperature T, <T < Ta (see, e. g., Refs. [3.109, 3.110]). For manga-
nites, however, this kind of the superfluid density precursor can be strongly
suppressed by a ferromagnetic order of the localized moments and a spin-
triplet state of the pair condensate.
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As noted above, materials realizing spin-triplet p-wave pairing are a
subject of special interest. This interest is motivated as systems where specific
topologically protected quasiparticle excitations can be realized and as pro-
mising materials yielding novel technological applications. Long-range proxi-
mity effects interpreted in terms of singlet-to-triplet pairing conversion have
been found in various SC/F systems [3.40, 3.41, 3.43, 3.51]. Among these
systems, the half-metallic-based SC/F heterostructures, where long-range pro-
ximity effect has been experimentally observed, have attracted especial atten-
tion [3.24-3.26, 3.51]. As was shown theoretically, for the SC/F systems,
long-range proximity effect and singlet-to-triplet pairing conversion can be
realized due to interfacial magnetic inhomogeneities. Eschrig et al. showed
that when normal metal is half-metallic ferromagnet, even frequency pairing
would be mostly of the p-wave symmetry [3.111].

These results are compelling arguments that proximity induced supercon-
ducting transition in doped manganites follows the scenario of a ‘latent’ high-
Tc superconductivity in doped manganites. At low temperatures, incoherent
superconducting fluctuations are essentially sustained in half-metallic manga-
nites. Although the local gap amplitude is large, there is no phase stiffness,
and the system is incapable of displaying a long-range superconducting
response. Nonetheless, a local phase rigidity (a local triplet pairing conden-
sate) survives, and, in a proximity-affected region, the singlet SC establishes
phase coherence of the p-wave spin-triplet superconducting state of the
manganites [3.28-3.30].

3.7 Bosonic scenario of a local triplet superconductivity
of half-metallic manganites

Let us make some suggestions concerning the mechanism of coupling
spin-polarized conducting electrons in manganites and the origin of the quasi-
particle gap Ay whose magnitude cannot be explained in terms of the conven-
tional proximity-effect theory.

In the context of manganite’s half-metallic conductivity in the ferromag-
netic state, a natural question arises about triplet superconductivity due to
magnon coupling. The replacement of a phonon by a spin wave should not
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lead to a drastic modification of superconducting properties. However, there
is an important difference between these couplings [3.112]. Namely, a spin-
wave excitation (magnon) carries a spin with the projection opposite to the
ferromagnet magnetization direction and in the nonrelativistic approach, the
projection of the total spin of both conducting and localized electrons is pre-
served. This means that if the magnon exchange results in equal-spin triplet
pair states Ay or A}, neither A; state, nor A; one can exist without each other
since the magnon carries spin |S| = 1 and thus the attraction of two electrons
with the same spins, +1/2 (or —1/2) due to spin-wave exchange is forbidden by
the spin conservation law. As Bulaevskii et al. showed [3.112], the spin-wave
exchange mechanism leads to equal spin-triplet pairing but the resulting
superconducting state is described by the two-component order parameter,
f(r) = ga(N|11> + g2(r)|L 1>, and excludes a singlet m = 0 pairing, f;(r) =
Go(N(1TL>+[11>).

The conclusion that the magnon exchange excludes a singlet pairing is
important in the context of the experimental results [3.28-3.31]. Broken a
spin-rotation symmetry at s-wave SC - half-metallic manganites interface
leads to spin-flip processes at the interfaces. Its origin depends on the micro-
scopic magnetic state at the interface, the character of local magnetic moments
coupling with itinerant electrons, etc. (see, e. g., [3.26, 3.51] and references
therein). Due to spin mixing at the interfaces, a spin triplet (S= 1, m = 0)
amplitude ', (r) = go(r)(|1 1> + || 1>) is induced by the singlet component in
the s-wave SC, f35(r) = gs(r)(I1] — |{1), and extends from the interface for
about the magnetic length & = (De/2Hexc)*? into the manganites layer. At the
same time, triplet pairing correlations with equal spin pairs: f11(r) = gu(r)|11>,
m=+1or f;;(r) = g2(r)|{ /> m = —1, are also induced (due to spin-flip pro-
cesses) in the half-metallic layer. These components decay on a ‘conventional’
length scale & = (Dr/22T)Y2 which is much larger than & because in typical
cases the exchange field Hexc is much larger than Tc. It is worthy to emphasis
that only the m = 0 triplet component f';(r) = go(r)(|1{> + || 1>) is coupled
via the spin-active boundary condition to the equal-spin m = 1 pairing ampli-
tudes in the half-metal. The singlet component in the s-wave superconductor,
f5:0(r) = gs(r)(It] — |1 1), being invariant under rotations around any quanti-
zation axis, cannot directly involved in the creation of triplet m = +1 pairing
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amplitudes in the half-metal. Taking this into account, the observed enhance-
ment of MgB:2 even-frequency singlet Cooper pair coupling energy A(c) means
that in the manganite the m = 0 even-frequency triplet component exists, i. e.,
the proximity induced superconducting state is described by the two-compo-
nent order parameter, f(r) = g1(r)|11> + g2(r)(I1{> + [{1>). The m = 0 triplet
component f;,(r) is coupled via the boundary condition to the singlet pairing
amplitude in the SC partner and, in this case, we deal with the “‘mutual’ proxi-
mity effect. As well, this points out that the most realistic coupling mechanism
of the p-wave triplet superconductivity in half-metallic manganites is that
caused by the phonon exchange.

As already mentioned, one of the Cooper pairs fluctuation fingerprints is
the so-called pseudogap [3.77, 3.91-3.95], the reduction of the single-electron
density of state near the Fermi level. At the Fermi level vicinity of manganites,
a large pseudogap is observed [3.105, 3.109, 3.113, 3.114]. This experimental
fact supports the hypothesis that a noncoherent p-wave even-frequency spin-
triplet superconducting condensate already exists in half-metallic manganites
at low temperatures [3.28-3.31]. Being proximity coupled to a singlet SC, the
m = 0 triplet component in the manganite is coupled via the boundary con-
dition to the singlet pairing amplitude in the SC counterpart. At the same time,
the spin-active boundary leads to coupling of the m = O triplet component with
an equal-spin, m = 1, pairing amplitude in manganite. These couplings yield
to a phase coherency of both the m = 0 and equal-spin m = 1 triplet Cooper
pairs with a large quasiparticle gap Ar > A(n), A(c). 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) in a singlet SC.
Figure 3.10 illustrates the described mechanism of the long-range phase
coherency due to the proximity effect in half-metallic manganites.

3.8 Half-metallic manganites — a perspective platform
for high-temperature triplet superconductivity

At the actual stage of the search for topological quasiparticles in con-
densed matter, it is crucially desirable to identify (i) easy-to-fabricate systems
possessing topological states and (ii) a way by which topologically protected
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excitations can be distinguished from spurious effects. Specifically, the reali-
zation of a topological superconducting phase and Majorana quasiparticles is
of the grand interest because of their novelty as well as possible applications
in quantum devices. Thereupon, a convincing proof and undoubted detection
of Majorana quasiparticles is among the main challenges in the general trend.

There is a variety of proposals for transforming a conventional s-wave SC
into topological states supporting Majorana fermion excitations. For instance,
realizations of Majorana bound states are expected in semiconducting-super-
conducting hybrid nanostructures, where the interplay between intrinsic spin-
orbit coupling, proximity induced superconductivity, and external magnetic
field leads to the formation of zero-energy bound states [3.17-3.21, 3.115—
3.119]. An isolated zero-energy topological bound state appears in a spinless
p-wave SC at the transition between strong- and weak-pairing phases. It is
expected [3.119-3.123] that one or more Majorana bound states can appear at
the opposite ends of a quantum nanoparticle wire proximity coupled to an
s-wave SC in the presence of an applied Zeeman field. Yet, while the time-
reversal symmetry can be readily broken by a magnetic field, a spin-orbit
coupling is too weak to effectively break the spin-rotation symmetry and to
drive the system into topologically nontrivial phase by this Kitaev scena-
rio [3.124].

In Ref. [3.17] Choy et. al. proposed an alternative to Kitaev route to
Majorana fermions in s-wave SCs that does not at all require materials with
spin-orbit coupling and external Zeeman field. The authors considered a sy-
stem formed by magnetic nanoparticles on a superconducting substrate. The
magnetic moments are frozen, without any dynamics of their own. The nano-
particles magnetic moment breaks time-reversal symmetry as well as spin-
rotation symmetry, without the need for spin-orbit coupling in the SC. The
superconducting substrate induces a pairing energy in the nanoparticles, so
that the system’s single-band Hamiltonian has the same form as Kitaev spin-
less p-wave superconducting chain. The difference is that here the p-wave
pairing is obtained from s-wave pairing due to the coupling of the electron
spin to local magnetic moments (the proximity effect). In the nanoparticles
wire, the transition into the topologically nontrivial superconducting phase is
governed by the competition of two types of disorder: (i) variation in the
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orientation of the magnetic moments on nearby nanoparticles and (ii) disorder
in the hopping energies that localizes the states. The zero-energy bound states
in the proximity induced p-wave superconducting gap, having a nonzero mag-
netic moment, should behave as Majorana bound states [3.17].

In the context of Ref. [3.17] conclusions, we can suggest that nanostruc-
tures based on the s-wave SC substrate and hmF manganites nanoparticles are
the most promising and accessible systems in which Majorana fermions can
be generated. Indeed, all prerequisites listed in Ref. [3.17] can be realized in
the heterostructures where magnetic nanoparticles are (LaixRx)MnOs, R = Ca,
Sr, ... ones. Due to the ferromagnetic half-metallic state of the manganites, the
needed p-wave superconductivity in the system is induced undoubtedly due to
the proximity effect [3.28-3.31]. The key feature of these heterostructures is
the magnitude of the proximity induced triplet superconducting gap A, i. €.,
the magnitude of the topological pairing gap. In manganite nanoparticles, this
gap will be more than three times larger than the largest gap among s-wave
SCs - the A(c) gap MgB: [3.104]. Therefore, we believe that the manganite
(La1-xRx)MnOs nanoparticles depositing on a s-wave SC are the most promi-
sing materials where high-temperature topological superconducting states can
be realized. However, to our best knowledge, these systems are not yet studied
in detail.

3.9 Conclusion

Systematic character and repeatability of the key experimental observa-
tions that have been detected by the point-contact Andreev reflection spectro-
scopy on the superconductor-half-metallic manganite heterostructures identify
some general physical phenomena in transport properties of proximity coupled
singlet superconductor-half-metallic manganite nanostructures. It was found
that superconductor—half-metallic manganite hybrids provide an experimental
possibility to accomplish artificial materials where a topologically nontrivial
superconducting state and Majorana fermions can be realized. The basic factor
of these conclusions is a local (fluctuated) high-temperature triplet supercon-
ductivity in half-metallic manganites. Although the local gap amplitude is
large, there is no phase stiffness, and the system is incapable of displaying a
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long-range superconducting state. Nonetheless, local phase rigidity survives
and being proximity coupled to a superconductor, the long-range coherency is
restored. The experimental evidence of the latent spin-triplet superconducti-
vity in half-metal manganites allows to design an experimentally accessible
way for overcoming bottleneck of spin-triplet pairing induced in proximitized
structures of spin-singlet superconductors with time-reversal symmetry breaking
counterparts and opens a new framework in topological superconductivity.
Further experimental and theoretical works are needed to prove (or disprove)
this platform for engineering topological superconductors and Majorana fer-
mions.

The authors thank M. Belogolovskii for stimulating discussions and
reading the manuscript.
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