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Topological materials and their unusual properties are nowadays a focus of experimental and theoretical
research. Promising systems where topological superconducting phases can be realized are materials with a
spin-triplet superconducting state. Yet, in the nature superconductors with a spin-triplet p-wave pairing are
exceptions. The experimentally accessible way to overcome this bottleneck is spin-triplet pairing induced in
proximitized structures of spin-singlet superconductors with time-reversal symmetry breaking counterparts.
We discuss the possibility of creating such materials using superconductor-half-metallic manganite nano-
structures. A unique promising feature of the proximity-coupled hybrid structures is high-temperature local
triplet superconductivity in half-metallic manganites. The experimental evidence of a latent spin-triplet pairing
in half-metallic manganites is presented and conditions favoring the topological superconducting state in

nanostructures based on them are discussed.

Keywords: half-metallic manganites, localized superconducting Cooper pairs, topological superconductivity,

superconductor—ferromagnet heterostructures.

“A promising ground for topological superconductivity is the spin-triplet ... pairing state.”

1. Introduction

Currently, in the condensed matter physics, a “second
quantum revolution™ is carried out through the introduction
of topology-originated concepts used to characterize phys-
ical states and properties of solids. With the introduction of
topology, the description of phase transitions and phases of
the system expands, and includes not only transitions dif-
ferentiating 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 global stability to perturbations. The topological state
is a state of matter characterized by nonzero topological
number of the wave functions and nontrivial topological
states of their quasiparticles. A typical example is a super-
conductivity. Topologically protected non-Abelian excita-
tions in a superconducting state are equivalents of the
Majorana fermions (MFs) — fundamental particles originally
proposed in 1937 by E. Majorana as a real solution to the
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Dirac equation (an MF is a fermion that is its own antipar-
ticle has no charge but can carry spin or heat). Topological
superconducting states support topologically protected
gapless Andreev bound states (ABSs) that are their own
antiparticles, and which partially mimic the so-called zero
mode MFs. Recently, a great effort has been put towards an
unambiguous experimental detection of MFs in systems
which, as expected, can be in the topological superconduc-
ting state (see, e.g., reviews [1-3] and references therein).
Though topological materials and their unusual properties
are in the focus of modern experimental and theoretical re-
search in condensed matter physics, beyond doubt experi-
mental identification/observation of Majorana quasiparticles
is still absent. Concerning the superconducting state, small
proximity induced triplet energy gap, which implements
the topological pairing gap Ay, and pair-breaking impuri-
ties local states, the so-called Yu-Shiba—Rusinov states
(see, e.g., review [4]), which spoil the spectral resolution
in experiments performed at sub-Kelvin temperatures, are
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among primary reasons. The inability to distinguish exper-
imentally whether the observed peculiarities are due to
topological or non-topological (trivial/local) states blocks
further progress in the subject.

Promising materials for the topological superconducting
phase realization are materials with the spin-triplet super-
conducting pairing state [3]. Indeed, in a p-wave supercon-
ductor (SC) the Bogoliubov quasiparticles, bys =
=UCkg +VC_ s = (U=V¥)Cs + (V*Crg +VC o ), have
both electron and hole components of equal spin projection,
o, and thus can possess the MFs properties. The task is to
create necessary conditions when p-wave Bogoliubov
quasiparticles are “forced” to demonstrate their MFs charac-
teristics, i.e., when by, — (V*Cxg +VC s ). Yet, SCs
realizing a spin-triplet p-wave pairing are not common in
nature; Sr,RuQ, with critical temperature T, = 1.5 K being
the only realistic candidate so far. A way that overcomes
this difficulty settles in artificially engineered topological
materials. Artificially engineered topological superconduc-
tivity in SC-magnet hybrid structures is currently attracting
attention, because, as expected, they represent one of the
most promising platforms for realizing topological super-
conducting phases [3, 5-9]. Particularly, Choy et. al. has
proposed to create MFs by depositing a chain of magnetic
nanoparticles on an s-wave superconducting substrate [5].
In this system, the transition into a topologically nontrivial
phase is governed by two types of disorder: (i) a variation in
the orientation of the magnetic moments on nearby nanopar-
ticles needed to open a gap in the excitation spectrum —
a prerequisite for a topological phase; and (ii) disorder in
the hopping energies to localize a pair of weakly coupled
MFs at the chain ends. Chung et al. [6] 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). The
band computations performed for two atomic layers of
VTe and CrO, showed that this type of heterostructures is
a suitable candidate material.

In this report, we discuss a promising, in our opinion,
way for creating artificial materials with a high-temperature
topological superconductivity. These are hybrid spin-singlet
superconductors—half-metallic manganites nanostructures; in
particular, chains of half-metallic manganites nanoparticles
on an s-wave SC substrate. 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. The work
is substantially based on the experimental results, espe-
cially obtained in Refs. 10-19, evidencing unconventional
superconducting proximity effect in SC/half-metallic man-
ganites hybrid structures.

2. Local superconductivity in a phase-fluctuating
superconductor

According to the Bardeen—Cooper—Schrieffer (BCS)
theory, the transition to the superconducting state is accom-
panied 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 [20-22]):

A(r) = [a(r)exp{o(r)},

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 electron-pairing effect, T,, and
the long-range (global) phase coherency, T, coincide and
yield the critical temperature, T.. This silently implies that the
spatial variations in |A(r)| are small, and that global phase
coherence temperature Te is larger than (or equal to) T.

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 the 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. There-
fore, for systems with low conductivity and small super-
fluid density, the temperature of the system’s global phase
coherency T can be reduced significantly and could be
smaller than the “islands” pairing temperature T,. Then the
sample’s superconducting transition temperature T, is de-
termined by the global phase coherency, whereas the pair
condensate could exist well above T, = T < T, [20-22].

An important consequence of the Cooper pairs fluctua-
tion above the transition temperature T, is the appearance
of the so-called pseudo-gap [20-26], i.e., a reduction of the
single-electron density of states near the Fermi level. Ac-
cording to the viewpoint expressed in [23], the pseudo-gap
state in high-T, cuprates could be considered as an uncon-
ventional metal, i.e., as a SC that has lost its phase stiffness
due to phase fluctuations. Doped manganites are bad metals,
and a large pseudo-gap is detected in numerous experi-
ments on manganites [27-30]. 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 addi-
tional argument for the local pair’s condensate existence at
T > T, is a diamagnetism observed just above T, i.e., when
temperature To <T < T, (see, e.g., Refs. 31 and 32). For
manganites, 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 (see discussion below).
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3. Ferromagnetic manganites, spin-polarization,
and half-metallicity

Magnetic and transport properties of manganites
Ri_AMnNO3, where trivalent cations R** are substituted by
divalent ones A%, are discussed in detail in reviews [33-35].
Here we summarized the main ideas and statements.

Bulk samples. The initial compound RMnQ; has a perov-
skite structure. It is electrically homogeneous due to the
single valence of the Mn ion and below the Neel tempera-
ture Ty = 130 K exhibits an antiferromagnetic order. Com-
pounds of the type R,AMNO; 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 the random positions of ions Mn®*" and Mn** having
different ionic radii, charges, and spins. When the concen-
tration of the A%* jons 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 LasgSrssMnQOs. The ferromag-
netic—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 Ref. 35).

In terms of the traditional model proposed by Zener [36],
the magnetic and transport properties of the substituted man-
ganites 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 e} configuration. Because of the
large intra-atomic Hund coupling, the three electrons in the
t,y 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 Mn*-~0*—Mn**
and Mn**—0*—Mn*" configurations are energetically equiva-
lent, 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 e, -electron (or Mn**
cations with a generalized hole). As an eg-electron moves
along the lattice it is energetically favorable that all the
localized spins be parallel to one another, i.e., a ferromag-
netic ordering of the localized spins minimizes the kinetic
energy of the e, -electrons. When the substitution degree is
sufficiently high, the ey -electrons form a ferromagnetic

metallic state. As a result, in the ground state, all conducting
electrons are spin-polarized in the direction of the sponta-
neous 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 ma-
jority spin and an insulator for the minority spin [37].

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 quantita-
tive agreements with this model. For example, Bowen et al.
present transport measurements of magnetic tunnel junctions
with the manganite Lay;sSri,3MnQOs as the electrode material.
The results obtained suggest that the electrode’s current
spin polarization is at least 95% [38].

Nanoparticles. A natural question arises whether the
bulk characteristics of manganite are retained in nanosized
samples. In Refs. 39-41 perovskite-type manganese oxide
nanoparticles (NPs) with particle sizes of 15-30 nm and
100-200 nm were prepared and studied using **Mn nuclear
magnetic resonance, superparamagnetic resonance, and mag-
netic measurements. The nuclear spin dynamics results pro-
vided direct evidence that the grain boundary of NPs is not
sharp in the 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 proper-
ties support this physical picture. These mean that the par-
ticle’s inner parts 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.

4. Local triplet superconductivity of half-metallic
manganites

Ferromagnetic order and singlet superconductivity are
incompatible because the magnetic exchange field breaks
apart the opposite-spin Cooper pairs. Equal-spin 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, su-
perconductors realizing a spin-triplet p-wave pairing are not
common in nature; Sr,RuQ, being the only real candidate,
so far. That is why artificial materials demonstrating equal-
spin triplet superconductivity have attracted notable interest.
Currently, this interest is motivated as condensed matter
where the topological superconducting phase with specific
quasiparticle excitations can be realized and as promising
materials yielding novel technological applications.
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Long-range proximity effects interpreted in terms of
singlet-to-triplet pairing conversion have been found in
various SC/ferromagnet (SCF) systems [42-52]. Among
these systems, the half-metallic-based SC/F heterostructures,
where the long-range proximity effect has been experimen-
tally observed, have attracted especial attention [12-14, 48].
As was shown theoretically, for the SC/F systems, long-
range proximity effect and singlet-to-triplet pairing con-
version can be realized due to interfacial magnetic inhomo-
geneities. Eschrig et al. showed that when normal metal is
half-metallic ferromagnet, even frequency pairing would be
mostly of the p-wave symmetry [49].

As is known, at energies below the superconducting gap,
the charge transport through a normal (N) nonmagnetic
metal been in contact with a SC is possible only due to the
specific two-particle process, called the Andreev reflection
(AR) [50]. It consists in the fact that in the N metal, an
incident electron above the Fermi energy Er and an elec-
tron 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 momentum and spin appears
in the N metal. The point-contact AR spectroscopy [51, 52]
is a direct and sensitive method of studying such local
microscopic characteristics of a SC as the density of quasi-
particle states, the superconducting gap value, the symmetry
of a superconducting pairing, etc. Below we will use the
results obtained by the point-contact technique in studies of
a superconducting state and the symmetry of the supercon-
ducting pairing in s wave SC/hmF proximity coupled
structures [15-19, 53, 54].

The superconducting proximity effect can induce new
superconducting states in a contacted region. Anomalous
superconductivity has been detected in point contacts (PCs)
of half-metallic manganites (La,Sr)MnO; and (La,Ca)MnOs
with an s wave SC, Pb or MgB, [16-19, 53, 54]. The study
of the current-voltage (I-V) characteristics and of the dy-
namic conductance of PCs between the MgB,:(La,Sr)MnO;
nanocomposite with (3:1) volume ratio and different metallic
needles (In, Ag, Nb, and LaggCag3sMn0O3) has been per-
formed and also supported new superconducting state in
proximity-affected regions. The key findings are summa-
rized in Fig. 1. The figure shows representative dynamic
conductance spectra dl/dV = G(V) of point contacts In, Ag,
and Nb tips and the nanocomposite MgB,:(La,Sr)MnO;
sample 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 [55].) Two
of the gaps, A(n) and A(c), were identified as MgB, gaps
(to be precise, as ones originating from the A(n) and A(o)
gaps of MgB,, respectively). The magnitude of the smallest
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Fig. 1. (Color online) Point-contact Andreev reflection spectra of
In, Ag, and Nb tips and MgB,:Lagg;Srp33MnO; (3:1) nano-
composite; T = 4.2 K. (Borrowed form Ref. 18).

A(w) gap remains in a range of the bulk MgB, gap [56]; the
gap A(c) was recognized as enhanced MgB, A(c) gap. The
third gap, Ay, the authors [18] attributed to the intrinsic
superconducting pairing in the (La,Sr)MnOs; compound.
The absolute value of Ay is the same as those also detected
in PCs of (La,Sr)MnOs and (La,Ca)MnO; with Pb or MgB,
[16, 17, 53]. The magnitude of Ay, is more than three times
larger than the largest “parents” A(c) = 6.8-7.1 meV MgB,
gap [56]. Note that the PCs’ resistivity varied by orders of
magnitude, while the multiple-gap structure in the quasi-
particle density of states, as well as the gap energy values,
were robust features and reproduced in all PCs have been
prepared.

In Fig. 2, the experimental temperature dependence of
the energy gap Ay(T) is shown [18]. For comparison, the
conventional BCS gap temperature behavior is shown in
the figure, too. From the BCS relation A(0) = 1.76 kgT,, the
Ay(0) = 19.8-22.4 meV gap would lead to a superconducting
state with T, ~ 120 K. Yet, the energy gap Ay(T) vanishes
as the temperature increases towards T, ~ 39 K of MgB,.
Evidently, the experimental behavior of Ay(T) does not
follow the BCS dependence. The temperature dependence
of the largest gap detected, Ay(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.

These results are weighty arguments that proximity-
induced superconducting transition in doped manganites
follows the scenario of a “latent” high-T, superconductivity
in doped manganites. At low temperatures, incoherent su-
perconducting fluctuations are essentially sustained in half-
metallic manganites. Although the local gap amplitude is
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Fig. 2. (Color online) The experimental (square points) Ay(T) gap
temperature behavior (normalized to the zero-temperature gap)
of the MgB,:Lag ¢7Sr0.33Mn03 (3:1) nanocomposite and the BCS
gap temperature dependence (black solid line). (Borrowed form
Ref. 18).

large, there is no phase stiffness, and the system is incapable
of displaying a long-range superconducting response. None-
theless, a local phase rigidity (a local triplet pairing con-
densate) survives, and, in a proximity-affected region, the
singlet SC establishes phase coherence of the p wave spin-
triplet superconducting state of the manganites [16-19].

5. Bosonic scenario of local triplet superconductivity
of half-metallic manganites

Let us make some suggestions concerning the mechanism
of coupling spin-polarized conducting electrons in manga-
nites and the origin of the quasiparticle gap Ay, whose
magnitude cannot be explained in terms of the conventional
proximity-effect theory.

In the context of manganite’s half-metallic conductivity
in the ferromagnetic state, a natural question arises about
triplet superconductivity due to magnon coupling. The re-
placement of a phonon by a spin-wave should not lead to a
drastic modification of superconducting properties. However,
there is an important difference between these couplings
[57]. Namely, spin-wave (magnon) carries a spin with the
projection opposite to the ferromagnet magnetization di-
rection and in the nonrelativistic approach, the projection
of the total spin of both conducting and localized electrons is
preserved. This means that if the magnon exchange results
in equal-spin triplet pair states A; 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 [57], the spin-wave exchange mechanism leads to
equal spin-triplet pairing but the resulting superconducting
state is described by the two-component order parameter,
£U(r) = gu(r)|11> + g2(r)|1 1>, and excludes a singlet m =0
pairing, f";,(r) = (I1}> +1>).

The conclusion above that the magnon exchange excludes
a singlet pairing is important in the context of the experi-
mental results [16-19]. 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 microscopic magnetic state at the interface, the character
of local magnetic moments coupling with itinerant electrons,
etc. (see, e.g., [14, 48] and references therein). Due to spin
mixing at the interfaces, a spin-triplet (S = 1, m = 0) ampli-
tude f"u(r) = (11> +|{1>) is induced by the singlet com-
ponent in the s wave SC, f%(r) = (|1{ —|{1), and extends
from the interface for about the magnetic length
Er = (De/2nHe )" into the manganites layer (here Dg is
the diffusivity and He, stands for the exchange field in the
half-metallic manganites, and we choose 7 = kg =1). At
the same time, triplet pairing correlations with equal spin
pairs: () =|11>, m=+1or f", () =||> m=-1, are
also induced (due to spin-flip processes) in the half-
metallic layer. These components decay on a “conventional”
length scale & = (De/2xT)"? which is much larger than &g
because in typical cases the exchange field He is much
larger than T.. It is worthy to emphasis that only the m =0
triplet component f"N(r) =(|11>+ |L1>) is coupled via the
spin-active boundary condition to the equal-spin m=1
pairing amplitudes in the half-metal. The singlet compo-
nent in the s-wave superconductor, f °(r) = (|1} —[{1),
being invariant under rotations around any quantization
axis, cannot be directly involved in the creation of the tri-
plet m = +1 pairing amplitudes in the half-metal. Taking
this into account, the observed enhancement of MgB, even
frequency singlet Cooper pair coupling energy A(c) means
that in the manganite the m = 0 even frequency triplet com-
ponent exists, i.e., the proximity induced superconducting
state is described by the two-component order parameter,
f7(r) = gu(n)[11> + go(r) (111> +|11>). The m=0 triplet
component f"u(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” proximity 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 fluctua-
tion fingerprints is the so-called pseudo-gap [20-26], the
reduction of the single-electron density of state near the
Fermi level. At the Fermi level vicinity of manganites, a
large pseudo-gap is observed [58-60]. 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 tempera-
tures [16-19]. Being proximity coupled to a singlet SC,
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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 a manganite. These
couplings yield to a phase coherency of both the m = 0 and
equal-spin m =1 triplet Cooper pairs with a large quasi-
particle gap Ay > 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.

6. High-temperature topological superconductivity
in superconductor-manganites nanostructured
samples

At the actual stage of the search for topological quasi-
particles in condensed matter, it is crucially desirable to
identify (i) easy-to-fabricate systems possessing topological
states and (ii) a way by which topologically protected exci-
tations can be distinguished from spurious effects. Specifi-
cally, the realization of a topological superconducting
phase and Majorana quasiparticles is of grand interest be-
cause of their novelty as well as their possible applications
in quantum devices. Thereupon, a convincing proof and
undoubted detection of Majorana quasiparticles are among
the main challenges in the general trend.

There is a variety of proposals for transforming a con-
ventional s-wave SC into topological states supporting
Majorana fermion excitations. For instance, realizations of
Majorana bound states are expected in semiconducting-
superconducting hybrid nanostructures, where the interplay
between intrinsic spin-orbit coupling, proximity induced
superconductivity, and external magnetic field lead to the
formation of zero-energy bound states [5-9, 61-71]. An
isolated zero-energy topological bound state appears in a
spin-less p-wave SC at the transition between strong- and
weak-pairing phases. It is expected [63, 65-69] 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 bro-
ken by a magnetic field, 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
scenario [72].

In Ref. 5 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 system formed by
magnetic nanoparticles on a superconducting substrate.
The magnetic moments are frozen, without any dynamics
of their own. The nanoparticle’s 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 pairing energy in the

nanoparticles so that the system’s single-band Hamiltonian
has the same form as Kitaev spinless p-wave superconducting
chain [5]. 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 ef-
fect). In the nanoparticles wire, the transition into the topo-
logically nontrivial superconducting phase is governed by
the competition of two types of disorder: (i) variation in the
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 in-
duced p-wave superconducting gap, having a nonzero mag-
netic moment, should behave as Majorana bound states [5].

In the context of Ref.5 conclusions, we can suggest
that nanostructures on the base of an 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. 5 can be
realized in the heterostructures where magnetic nanoparti-
cles are (La;,R)MnO3z; 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 [16-19]. The key
feature of these heterostructures is the magnitude of the
proximity induced triplet superconducting gap Ay, i.e., the
magnitude of the topological pairing gap Ayp. 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; [56]. Therefore, in our opinion, the manganite nano-
particles (La;,R,)MnO; depositing on an s-wave SC are the
most promising materials where high-temperature topologi-
cal superconducting states can be realized. However, to our
best knowledge, these systems have not yet been studied in
detail, from this point of view.

7. Conclusion

In summary, systematic character and repeatability of
the key experimental facts that have been detected by the
point-contact Andreev reflection spectroscopy on the super-
conductor-half-metallic manganite heterostructures identify
some general physical phenomena that have been observed
in transport properties of proximity affected singlet super-
conductor-half-metallic manganite nanostructures. These
experimental results point that superconductor—half-metallic
manganite hybrids provide an experimental possibility to
accomplish artificial materials where a topologically non-
trivial superconducting state and Majorana fermions can be
realized. The basic factor of these conclusions is a local
(fluctuate) high-temperature triplet superconductivity in
half-metallic manganites. Although the local gap amplitude
is large, there is no phase stiffness, and the system is incapa-
ble of displaying a long-range superconducting state. None-
theless, local phase rigidity survives, and being proxymity
coupled to a superconductor, the long-range coherency is
restored. The experimental evidence of the latent spin-triplet
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superconductivity of half-metal manganites allows a design
experimentally accessible way to overcoming the bottleneck
of spin-triplet pairing induced in proximities structures of
spin-singlet superconductors with time-reversal symmetry
breaking counterparts and open a new framework in topo-
logical superconductivity. Further experimental and theo-
retical works are needed to prove (or disprove) this platform
for engineering topological superconductors and Majorana
fermions.
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JlokanbHa cniH-TpunneTHa HaanpoBIgHICTb
B HaniBMeTaneBuX MaHraHitTax: nepcnekTMBHa
nnatcopmMa Ang BUCOKOTEMMNEPATYPHOI TONOMNOTYHOI
HagnNpPOBIAHOCTI

V. N. Krivoruchko

Tomonoriyni Marepiany Ta IX OCOOJIMBI BJIACTHBOCTI 3apa3s
nepeOyBalOTh y LIEHTPi YBaru Cy4acHUX eKCHEPUMEHTAIbHUX Ta
TEOPETHYHUX JOCITIIKEHb. [IepCrieKTHBHAMH MaTepialaMy IS
peaunizaii TorosoriyHoi HaaNPoBinHOT pa3u € MaTepiany 3i criH-
TPHUIUICTHAM HAAIPOBIIHUM cTaHOM. IIpoTe mpupo/Hi HaaIpoBia-
HHUKH, L0 Peai3yloTh CHiH-TPHIUICTHE P-XBHJIBOBE CIIAPIOBaHHS,
€ BUHATKOM. ExcrieprMeHTaIbHO TOCTYITHHM CIOCOOOM ITOJI0JIaH-
HA L[bOTO OOMEXEHHS € CIIH-TPUIUICTHE CIIAPIOBaHHs, IHIyKOBaHE
B ONM3BKICHUX CTPYKTypax CHiH-CHHIJIETHHX HAaAIPOBITHUKIB i3
CKJIAJIOBUMU KOMIIOHEHTaMHM, 10 HOPYLIYIOTh CHMETPI€l0 11010
iBepcii yacy. OOGroBOpeHO MOXJIMBICTH CTBOPEHHS TaKHX Mare-
piajiB Ha OCHOBI HAHOCTPYKTYpP HAAIMPOBIJHHK—HAIiBMETaJICBHUI
MaHTaHIT. YHIKaJIbHUM 6aratooOiIso9nM (pakTopoM Iux O1n3b-
KICHUX TiOpUIHHX CTPYKTYp € BHCOKOTEMIIEpaTypHa JIOKaJbHa
TPHUIUICTHA HAIIPOBIIHICT y HaIiBMeTalNeBUX MaHraHitax. Hase-
JICHO EKCHEePHMEHTAJIbHI JI0Ka3U IPUXOBAHOTO CIIiH-TPHILIETHOTO
CITApIOBAHHS B HalliBMETAJICBUX MaHTaHITaX Ta 0OTOBOPEHO YMOBH,
IO CHPHUSIOTH TONOJIOTIYHOMY HAAIPOBITHOMY CTaHY HaHOCTPYK-
Typ Ha IX OCHOBI.

KirouoBi cnoBa: HamiBMeTas eBi MaHIaHITH, JIOKAJIbHI HAAPOBIIHI
KyHepiBChbKi IapH, TOIOJOTIYHA HAAIPOBIIHICTS,
HariBMeTaJeBi-HaAIPOBIAHUKOBI
TYpH.
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