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The analysis of achievements, problems and prospects of high-temperature superconductivity (HTSC) in the macro- and nanostructured materials

has been given. The main experimental results and theoretical models describing the physical mechanisms of the superconductivity appearance

at phenomenological and microscopic levels, including change in the energy spectrum of atoms in these materials with the advent of the

‘superconducting’ gap at temperatures below the critical transition, as well as the above-critical temperature ‘pseudo-gap’ have been analyzed.

Although the origin of the pseudo-gap is not completely understood, it can be considered as an independent phase transition in the substance prior

to the transition to the zero resistance state and insusceptibility (or insensitivity) to external magnetic field in high-temperature superconductors.

Features of multi-gap and gapless superconducting materials as well as their ability to further increase the temperature of supercritical transition

are discussed. Large resources to create the necessary electron and phonon spectra in the process of high-temperature superconductivity

formation are associated with the use of nanoscale structures and nanoparticles of conductors and dielectrics. Electrical conductive contacts

between nanoparticles and tunnel chains of nanoclusters, where delocalized electron spectra form similar energy shells to the atomic or nuclear

shells, play a significant part here. It is required to further investigate the occurrence of high-temperature superconductivity at the level of

interphase layers (non-autonomous phases) in nanostructures containing a large fraction of the substance in this condition. It is essential to

develop adequate methods for synthesis of nanoparticles of variable size, structure and morphology, as well as techniques for their consolidation

that would ensure the preservation of superconductivity of individual nanoparticles, their chemical, thermal, magnetic and current stability in

the dissipative processes with functional and fluctuation effects.
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1. Introduction

The phenomenon of superconductivity occurs in certain substances and materials at temperatures below a
critical value, Tc, which is specific for each material. Phenomenologically, it is considered as the combined effect
of the complete absence of electrical DC resistance and negligible susceptibility to an external magnetic field [1].

The electric effect of superconductivity was discovered by H. Kamerlingh-Onnes in 1911 by means of mercury
experiments at very low temperatures. He found that the electrical resistance of mercury gradually decreases with
reducing temperature to ∼ 4.2 K and then almost abruptly becomes zero [2]. Thereafter, a similar phenomenon
was observed for a number of other metals (lead, tin, thallium, uranium, etc.) when cooled to temperatures close to
absolute zero. It was also accompanied by changes in their thermal properties in contrast to behavior of metals that
cannot be superconductive, such as silver, copper, gold, platinum, etc. In the latter case, the electrical resistance
gradually decreased with temperature, approaching a residual (zero if a metal is hypothetically pure) value at 0 K.
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Magnetic effect of superconductivity was discovered by W. Meissner and R. Ochsenfeld in 1933. They
demonstrated that in parallel, the superconductors are technically perfect diamagnetic materials if they are in a
magnetic field of a magnitude less than a critical value Hc, i.e. they push magnetic lines completely out of the
sample volume [3, 4]. The description of this effect in terms of electrodynamics, proposed in 1935 by brothers
F. London and H. London [5] in addition to J. C. Maxwell’s [6] equations, allowed us to estimate the depth of
magnetic field penetration into the superconductor. In the case of metals, this area covers hundreds of atomic
layers and has the skin layer of superconducting current of thickness ∼ 10 – 100 nm. The proposed approach
also allowed us to associate the superconductivity with the transition of current carriers to the state with the least
possible momentum.

The phenomenological theory of superconductivity [7] created by V. L. Ginzburg and L. D. Landau in 1950
describes the transition to the superconducting state as the formation of phase coherence in the substance electronic
system but does not determine the charge of the superconducting current carriers and does not explain the causes
of superconductivity. The Ginsburg–Landau equations derived on this basis involving a L. P. Gorkov’s microscopic
approach [8] in 1958, match well with the superconductor behavior at critical temperatures and are still used
for the experimental data interpretation and in technical applications [9]. The detailed microscopic theory of
superconductivity [10] was developed in 1957 by J. Bardeen, L. N. Cooper and J. R. Schrieffer. It named as the
BCS-theory – using the first letters of their surnames. According to this theory, electrons experience attraction
at temperatures below Tc due to the interaction with the thermal vibrations of positively charged crystal lattice.
Their excitations, in the form of acoustic frequency elastic waves and corresponding quasi-particles (phonons),
are distributed over the entire space of the material. In the context of quantum mechanics, it is described as
the electron-phonon interaction that does not stop, even at absolute zero, according to Heisenberg’s uncertainty
principle. Due to the fact that it is stronger than the Coulomb repulsion between the electrons, some electrons
(with energies close to the Fermi level) are merged into so-called Cooper pairs. According to the Pauli exclusion
principle, in contrast to individual initial states of electrons as fermion particles with half-integer spin which
comply with Fermi–Dirac statistics, the paired electrons behave coherently as a single quantum-mechanical system
of identical boson particles with integer spin which comply with the Bose–Einstein statistics [11]. Due to this
fact, they cannot exchange energy portions with the crystal lattice that are lower than the energy resulting from
their coupling. Since, according to the principle of wave-particle duality, any particle can be viewed as a wave
of certain amplitude, frequency and phase according to de Broglie relations [12], Cooper pairs as coherent quasi-
particles constitute a single wave together. It is described with the general wave function where the amplitude
square determines the density of Cooper pairs on the spatial scale (length) of coherence. Herewith, there is no
scattering of electron waves on thermal vibrations of the substance lattice and the paired conduction electrons
can flow through it without energy loss and therefore without resistance, which also does not allow the external
magnetic field to penetrate inside the material. To meet these requirements for conventional materials, according
to the classical Bardeen-Cooper-Schrieffer theory, the critical temperature may not exceed the limit of about 40 K
(−233 ◦C).

It should be noted that it was G. Fröhlich who first identified the connection of the superconductivity phenom-
enon with the lattice vibrations in 1950. He proposed a hypothesis of the influence of the ion mass on the critical
transition temperature, with the latter being inversely proportional to the square root of the ionic mass in the iso-
tope collection of the given superconductor [13]. Experiments with isotopic substitutions conducted by E. Maxwell
and other researchers [14, 15], confirmed the isotopic effect predicted by G. Fr0̈hlich and showed that there is a
direct effect of ion mass on inter-ion distances in the lattice and the value of the Fermi energy. Consequently, the
existence of the isotopic effect cannot be a reliable proof of the phonon mechanism as being solely responsible
for the pairing of electrons and the appearance of superconductivity. The BCS theory is also found insufficient in
terms of its inability to explain why particular superconductors have a certain critical temperature and therefore
in terms of impossibility to predict the ways to increase it. This has led to the creation of other high-temperature
superconductivity models (currently, there are more than 100 proposed) where various mechanisms of electrons
pairing are considered [16]. They use ideas about spin and charge fluctuations, polarons, plasmons, excitons,
magnetons, magnons, solitons and other quasi-particles acting as energy quanta of excitation waves in the system,
as well as about the super-exchange between them and the electrons which complements electron-phonon or direct
interaction between the electrons. Other ideas are expressed as well, even those concerning the opposition of
superconductivity to ‘super-magnetism’ [17]. However, these developments have neither resulted in noticeable
progress in order to understand the superconductivity phenomenon nor made it possible to predict the composition
and structure of new superconductors. An indicative opinion in this respect is the one of B. T. Matthias who
managed to synthesize, apparently, the largest number of new superconductors [18]. He argued that, despite the
existence of numerous theories of superconductivity, the only concept that helped him in the discovery of new
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superconductors was D. I. Mendeleev’s periodic table of elements. This situation has been persisting in the theory
of superconductivity so far. The developed theories do not explain the possibility of creating high-temperature
superconducting materials (HTSC) which are studied mostly empirically, by complication of their composition and
structure and identifying correlations between the obtained properties, occurring physical and chemical processes
and external thermal, electrical, magnetic and other influences. Fundamental and practical physical and chemical
problems and results of these studies are published in numerous original articles as well as in various summary
reviews and monographs [19–36] where other details and additional references can be found.

This review deals with the poorly represented but promising and intensively developing directions of modern
research in the field of high-temperature superconductivity nanostructures. In addition, major statements of the
above papers which are important for the analysis of the subject are also addressed as appropriate in the review.

2. Superconductivity thermodynamics and electrodynamics

Thermodynamically, the transition to the superconducting state is associated with the substance phase changes
(phase transitions) [37] occurring when the temperature changes and accompanied by the changes in some of its
thermodynamic and electromagnetic properties. According to the general thermodynamic theory, the transition to
superconductivity and vice versa can be first and second order, which is confirmed experimentally (Fig. 1).

FIG. 1. The pattern of electrical resistance decrease (ρ) and heat capacity variations (CV) for
substances that do not become (a) and become (b) superconductive when cooled (taken from [70])

The first order transition is characterized by an abrupt change of extensive parameters at the Tc transition point,
above all, of thermal energy, entropy and volume which are the first derivatives of the thermodynamic potential of
the system on its intensive parameters, temperature and pressure. The second order transition is characterized by an
abrupt change in the second derivatives of the thermodynamic potential (thermal capacity, thermal expansion factor,
different ways of responsiveness) while the internal energy, density and other first order derivatives, according to the
parameter set of the general system condition, are maintained at the transition point. Thermodynamic fluctuations
arising at the superconducting phase emerge at the spatial scale, corresponding to the coherence length. Phase
symmetry can change simultaneously as well; however, phase transitions in superconductors are not caused by
changing the crystalline state of the body and the lattice symmetry and are only connected with change of its
qualitative electromagnetic properties [38].

The idea of two existing superconductor orders which differ in response to the external magnetic field was
first proposed in 1952 by A. A. Abrikosov and N. I. Zavaritsky [39, 40] based on experimental results obtained by
L. B. Schubnikov for magnetization curves of superconducting alloys [41,42], and data obtained by N. I. Zavaritsky
for the critical magnetic fields of thin superconducting films [43]. The soft superconductor transition from a normal
to a superconducting state, depending on external magnetic conditions, can be both first and second order phase
transition, whereas the hard superconductor transition from a normal to a superconducting state shall be a second
order phase transition only under all conditions. Herewith, soft superconductors have the only Hc value of the
critical magnetic field intensity; they are not superconductive if it increases. However, the possible distortions
of the field due to the heterogeneous interaction with the differently-shaped conductor segments can result in the
simultaneous existence of large alternating areas of superconducting and normal phases separated by a substance in
the ‘intermediate’ phase in this sample. The hard superconductors have two critical magnetic field Hc1 and Hc2
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values, between which it partially penetrates into the superconductor in the form of so-called Abrikosov vortex
lattice [40] whose cores are non-superconducting (normal), and the superconducting currents screening the normal
vortex area circulate around them. As a result, Hc1 field transforms the conductor into the ‘mixed’ (metastable in
nature) state and preserves its superconducting properties, and the field above Hc2 destroys them. Experimental
observation of the structures of soft and hard superconductors being in the intermediate and mixed states was
carried out in 1967 by H. Tauble and U. Essman [44], and N. V. Sarma [45, 46] using the electron microscope
of 10 nm resolution. The schematic figure of magnetic field distribution in the conductors of different types is
represented in Fig. 2 according to [31, 38].

FIG. 2. Magnetic field distribution around the superconducting body (Figures taken from [31,
38]): a) – superconducting state; b) and c) – intermediate state where the alternating superconduct-
ing and normal areas emerge; d) – normal state; e) – hypothetical structure of the superconducting
vortex (quantum filaments of magnetic flux, where crosses and dots show schematically the direc-
tion of a superconducting vortex current); f) – the Schubnikov phase (diagram); ψ-amplitude of
the common wave function of the coherent Cooper pairs, where the amplitude square determines
the η-density of Cooper pairs; e) spatial pattern of the mixed state (the specific section is shown,
where H = B/µ0 is for the magnetic field tension and induction, jS stands for screening super-
current, 2ξ stands for the vortex core diameter, JT stands for the transport current, FL stands for
the Lorentz force)

Along with the ‘diamagnetic’ scenario of superconductivity destruction, the alternative, ‘paramagnetic’, is
possible where the strong magnetic field can change the spin orientation of one of the electrons in a Cooper
pair and simultaneously change its energy similar to the known P. Zeeman splitting effect [47]. As a result, the
pair changes into an unstable triplet and superconductivity is destroyed. In conventional superconductors, the
‘diamagnetic’ mechanism is actuated prior to the ‘paramagnetic’ one. However, in iron-based superconductors
where the ‘paramagnetic’ mechanism is more effective, the preservation of superconductivity is possible even
when it is not supposed to exist with respect to this mechanism. Theoretically, such an effect was predicted
almost simultaneously by R. Ferrell, P. Fulde [48] and A. I. Larkin, Yu. N. Ovchinnikov [49]. According to this,
when the spin orientation of one of the electrons in a Cooper pair is changed by the magnetic field along with a
simultaneous change of its energy, the Fermi energy of this pair will also change, resulting in a difference from the
Fermi energy of unchanged pairs, and as a consequence, the superconductivity will be preserved. The new phase
of the superconducting electron liquid, predicted by them, was called the FFLO phase using the first letter of their
surnames [50].
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As confirmed by numerous experiments, superconductors can change from one type to another. Impurities
in the materials play a fundamental role in such transitions [38]. The theory of such ‘impure’ superconductors
was suggested by P. W. Anderson in 1959 [51]. There is also a theoretical background for discussion and some
experimental evidence for the existence of type 1.5 superconductors which comprise the combined properties of
type 1 and 2 [52, 53]. According to theoretical considerations [52] when a magnetic field increases, type 1.5
superconductors are characterized by a coherent transition from Meissner ‘vortex-free’ condition with the complete
expulsion of magnetic field lines from the sample volume in weak fields to a certain intermediate state. Here,
vortices penetrate into the superconductor not forming a regular triangular lattice of Abrikosov vortices repelling
one other as in type 2 superconductors but some unstable irregular clusters of vortices which attract to each other as
during the transition to the normal area of type 1superconductors. Upon further magnetic field amplification, they
change to a mixed or vortex state of type 2 superconductor where the Abrikosov homogeneous triangular lattice is
formed. This is reminiscent of the behavior of molecular forces repulsing vortices from each other at short distances
and attracting at long distances whereby vortex combinations resulting in the latter case were called by authors of
the theory as vortex ‘molecules’. Experiments with single crystals of magnesium diboride, MgB2, [53] revealed
that the magnetic field really penetrates into them as it was theoretically predicted, that is, when a magnetic field
H < Hc1 is weak, the superconductor is in Meissner condition and if the field amplifies, the vortices penetrate
into the superconductor and form a web-shaped lattice instead of a triangular one (Fig. 3a). Further gradual
magnetic field amplification leads to transformation of the web-shaped vortex lattice into alternating stripes and the
formation of vortex clusters of differing density (Fig. 3b) approximately ∼ 100 nm in size and containing about
30 – 50 vortices, and then the regular triangular lattice of Abrikosov vortices as in type 2 superconductors will
appear (Fig. 3c).

FIG. 3. Web-shaped (a, b) and regular (c) vortex structures in MgB2 films: a) at 4.2 K in an
external magnetic field with induction of 0.0001 T and b) at the same temperature, but in the
field of 0.0005 T (Figure taken from the article [53]), c) at a temperature of T ∼ 6 K and in a
weak magnetic field (Figure taken from the article [54])

However, those with differing opinions will point out that the formation of irregular vortex lattice and its flow
in weak fields corresponds to the well-known phenomenon of pinning – the magnetic field H > Hc1 penetration
into a type 2 superconductor in the form of separate (‘quantized’) vortex filaments, i.e. flux lines, (see Fig. 2) and
their consolidation on the defects present there [55, 56]. Such filaments may also remain in the superconductor
at fields less than Hc1, and even at zero field if it is achieved by lowering from the area of larger fields,
H > Hc2. This is associated with the arising induction (‘Meissner’) currents flowing around the superconductor
surface. They seek not only to escape the penetration of external magnetic fields into the superconductor but also
prevent the magnetic field vortex filaments (field lines) from releasing of its thickness, those ones that penetrated
the sample at temperatures T > Tc when it was not superconducting yet. This also determines, in contrast
to type 1 superconductors, the irreversible (hysteretic) magnetization curve for type 2 superconductors being in
Abrikosov condition, predicted theoretically by K. P. Bin and J. D. Livingston, which is practically very diverse
(Fig. 4, [38]). At temperatures close to the critical temperature of superconductivity Tc, the hysteresis phenomenon
almost disappears.

Along with the critical external magnetic field there is also the critical current which limits the supercon-
ductivity due to creation of the self-magnetic field of critical value with induction Bc = µ0Hc. Its energy
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FIG. 4. External magnetic-field dependence of the magnetic H intensity in ideal hard and soft
superconductors with the same thermodynamic Have – critical field (a), and the actual magneti-
zation curve conforming to the sample (b). Herein, M = pmV is for the magnetization vector;
pm is for the magnetic moment vector; V is for the volume [38]

W = mu0H
2c/2 = B2c/2µ0 = Gn(T ) − Gc(T ) is thermodynamically related to the difference of free Gibbs

energies of the normal Gn(T ) and the superconducting Gc(T ) states, regardless of whether the critical current
only escapes the external magnetic field or it is a transport current that does not depend on the field. The excess
of energy in magnetic line bonds to the centers of their spinning consolidation during the current flow, when the
Lorentzian force influencing the vortices reaches a critical value, leading to an immediate change of their position
(the magnetic flux jump) accompanied by a simultaneous temperature rise which may be sufficient to create the
normal state of the superconductor [57].

The disturbance of this equilibrium but naturally metastable state of the superconductor vortex lattice with a
trapped magnetic flux can probably occur during the flow of weak currents of subcritical value under the trigger-
ing action of external perturbations, including thermal and magnetic fluctuations of small intensities. However,
unlike the previous case, the process of magnetic flux redistribution (so-called magnetic flux creep) in massive
superconductors is long enough at a typical speed of thermal fluctuations. It manifests itself in a slow creep
(in the perpendicular direction to the current density vector and the magnetic field induction vector) of pinned
mutually repelling vortices to their general ‘Abrikosov’ state, with an equally slow magnetization relaxation to the
equilibrium logarithmical value in time [58]. J. Giaever [59] carried out a direct observation of such movement
of the niobium particles sawed on a lead foil. In all cases, the irreversible processes accompanied by heat release
due to the energy dissipation of superconducting current, take place in the superconductor. Phase diagrams for
superconductors of various kinds during tension H change of an external magnetic field and temperature T are
schematically represented in Fig. 5 (based on [60, 61]).

Experimental studies on the magnetization structure and dynamics for different kinds of superconductors with
different composition stoichiometry, of different shape and size have been carried out in many scientific centers [62]
by means of magnetic neutron diffraction and magnetic decoration (under the electron microscope by coating the
superconductor surface with tiny magnetic iron or nickel particles). They have allowed ‘visual’ illustration of
these processes, including the emergence of intermediate-mixed (‘semi-Meissner’) state and assessing their energy
performance.

Another coherent effect of superconductivity should be noted. It lies in the specific tunnel junction of
superconducting pairs from one superconductor to another through a very thin dielectric layer separating them,
when a current passed is less than the critical value, as well as in the voltage drop in their contact with the
simultaneous emission of electromagnetic waves when a current passed is greater than the critical value [63, 64].
The effect was predicted in 1962 by B. D. Josephson [65] based on the BCS theory. It was confirmed experimentally
for the stationary case in 1963 by P. Anderson and J. Rollo [66], although the same phenomenon of resistance
disappearance in the small contact between the two metals during transition to the superconducting state was
observed in 1932 by W. Meissner and R. Holm [4]. According to modern concepts [67], the microscopic mechanism
for Cooper pair tunneling is associated with the so-called ‘Andrey’s’ reflection [68, 69] of quasiparticles localized
in the potential well in the contact area. Thus, there is a change of signs of the effective mass and the charge
carriers along with the transformation of an electron into a hole or vice versa and Josephson current value can
achieve the value of a normal tunneling current through contact at the gap range stress in the superconductor
energy spectrum [67].
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FIG. 5. Schematic state phase diagrams for various superconductors (based on [60,61]): a) type 1
superconductors; b) type 2 superconductors; c) and d) – probable phase diagram for type 1.5
superconductors in case of different two-gap state parameters. Diagram section 1 shows the
normal state, section 2 shows the Meissner state (the Meissner phase), section 3 shows mixed,
or vortex state (the Schubnikov phase), section 4 shows the state characterized by a non-uniform
vortex lattice

3. Energy spectrum of superconducting materials, energy ‘gap’ and ‘pseudo-gap’ in HTSC

Along with the above mentioned macroscopic effects in superconducting materials, there are also transfor-
mations at the microscopic level in the form of changes in the atom energy spectrum. The usual set of discrete
electron energy levels in each atom that are allowed by quantum laws, fissionable to very large number of sublevels
due to the huge number of atoms interacting with each other in a solid, almost merges into a continuous spectrum.
Its feature for metals at temperatures above the critical lies in blocking the area of free ‘conduction’ electrons
(those having more energy) and the area of bound ‘valence’ electrons (having lower energy values), whereas in
case of semiconductors and insulators, these areas are separated by an energy gap (a band gap where there are no
electrons). The coupling of electrons into Cooper pairs in metals at temperatures below the critical Tc leads to
the emergence in their energy spectrum of the ‘superconducting’ energy gap, symmetric with respect to the Fermi
level, of about ∆(T ) ∼ 103EF width. It separates the equilibrium ‘paired’ electrons contained therein from other
‘non-superconducting’ particles which may be above or below the gap. This fact makes it different from the energy
gaps in semiconductors or insulators where there are no electrons (Fig. 6).

Since the combined energy of a Cooper pair in the superconducting gap at the Fermi level is less than the total
energy of two free electrons, in order to separate them back it is necessary to expend energy equal to the doubled
gap energy 2∆(T ) = 3.5kTc, the value of which is determined by the critical temperature Tc. Therefore, the higher
Tc is, the more energy is needed to break this pair. In this case, to break the rigidly connected system of all Cooper
pairs an energy of 2∆(T )ηcoop will be required. But at temperatures above the critical value, the superconducting
energy gap vanishes, ∆(T ) = 0 and the Cooper pair density also becomes zero ηcoop = 0. The type of dependence
of the superconducting energy gap width on temperature is shown in Fig. 7 for Al (Tc ∼ 1.18 K) [38] and for
YbB2 (Tc ∼ 115 K) according to [72].
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FIG. 6. Schematic image of the substance energy spectrum being in various states (based on
Figures from [70, 71]): a) – low-temperature superconductor at temperatures above Tc (normal
state) and a normal metal; b) – low-temperature superconductor at temperatures below Tc (su-
perconducting state); c) – semiconductor; d) – insulator; 1 – conduction band, 2 – valence band;
3 – mutual intersection (overlap) of both bands; 4 – symmetric superconducting ‘∆ and ∆’ gap
of the Cooper pairs (marked with ovals); 5 – band gap. EF is for the Fermi level energy

FIG. 7. The energy gap width dependence on the temperature: a) – for Al in relative units
according to [38]; b) – for YbB2 in absolute units according to [72]

The superconducting Cooper pairing has its own characteristics in samples placed in a magnetic field. This will
happen in the case when the energy advantage of the transition from normal to superconducting state will exceed
the energy cost caused by the displacement magnetic field. For type 1 conductors in fields which are larger than
the critical value Hc1, the superconducting state is unprofitable and should be destroyed. However, as mentioned
above, the possible distortion of the critical field due to the heterogeneous interaction with differently shaped
conductor areas can lead to the simultaneous existence in the sample of sufficiently large areas of superconducting
and normal phases separated by a substance in the ‘intermediate’ phase with the ‘positive’ surface separation
energy obtained externally due to the supply of the magnetic field energy. At the same time, as noted above, when
the field in the form of beams or individual vortex filaments penetrates into the type 2 superconductor, some of
them may remain in such a superconductor in fields between Hc1 and Hc2, as well as in fields less than Hc1 and
even in case of zero field if it is achieved by lowering from the area of larger fields, H > Hc2. Meanwhile, the
conductor goes into the ‘mixed’ (metastable by nature) state along with preserving the superconducting properties
and ‘negative’ surface separation energy into the largest possible number of normal and superconducting phases as
a state that is energetically most favorable and does not require an external energy supply.
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However, the presence of impurity of magnetic atoms in the conductor significantly reduces the critical
temperature of transition to superconducting state until it is completely liquidated, whereas non-magnetic impurities
have only a small effect on the transition temperature [26]. We also determined that in the case of superconductors
with magnetic impurities, the energy gap magnitude becomes zero somewhat earlier than the superconductivity
disappears, since their energy spectrum has pairs with different binding energy including that arbitrarily close to
zero. Such gapless superconductors [73] are characterized by several unusual properties, in particular, a linear
heat capacity dependence on the temperature, as in case of normal metals. Superconductors with magnetic
impurities possess other interesting properties, for example, the theoretical possibility for the existence of a phase
that is simultaneously superconducting and ferromagnetic, which can also enhance the superconducting transition
temperature [74].

It should be noted that in spite of the significant theoretical results, there have not been notable achievements
in the practical search of materials with high transition temperature for the superconducting state for a long time.
The ‘warmest’ superconductors from a large number of metals and hundreds of alloys identified, up to 1986, were
considered to be the intermetallic films of niobium germanide Nb3Ge where Tc = 23 K. This value was the
maximum one which had been managed to achieve for the critical transition temperature over 75-year research
period, meanwhile the BCS theory did not predict the substances of a higher critical temperature. In the late
1960’s to the early 1970’s, great hopes were pinned on the organic complex synthesis with superconducting charge
transfer, for example, complexes of TCNQ-TTF (tetracyanoquinodimethane-tetrathiafulvalene) [75–77]. However,
despite the synthesis of a number of promising compounds, it was found that superconductivity in these complexes
is unstable even at low current densities. Progress has become more significant only with introduction of the
scientific paper by J. G. Bednorz and K. A. Muller who established in 1986, that ceramics of the La–Ba–Cu–O
compound based on oxides of copper, lanthanum and barium (compound La2−xBaxCu04) becomes superconducting
at a temperature of 30 K [78]. Yu. D. Tretyakov specified this issue in his article ‘Chemical superconductors before
the Third Millennium’ [79] ‘...The most striking fact was that it was not any particular organic or polymeric
structure, on which theoretical physicists had pinned their hopes, that exhibited superconductivity, but oxide
ceramics which is typically characterized as dielectric or superconducting. However, the most amazing fact for
experts was that the oxide compounds exhibiting superconductivity had been synthesized long ago. In 1978, this
was made by the IONKh RAN (Kurnakov Institute of General and Inorganic Chemistry of Russian Academy of
Sciences) staff, namely V. Lazarev, B. Kahan and I. Chaplygin who published their results a year later in the
“Journal of inorganic chemistry (1979, v. 24. No. 6)”.... They tried to investigate the synthesized samples but
liquid helium was not available to them, likewise to the French researchers K.Michel and B.Pavo who synthesized
similar and many other cuprates independently of their Russian colleagues. ...However, it goes without saying that
Bednorz and Muller were not plagiarists, they discovered what they were purposefully and persistently looking for
despite any predictions and theories’.

This discovery and the other one followed soon thereafter in 1987, concerning 93 K superconductivity in the
Y–Ba–Cu–O system (YBa2Cu3O7−x compound [80]) stimulated the search for copper-containing superconductors
with a higher temperature all around the world. In 1988, the superconducting transition temperature of cuprate
series with alkaline earth metals without rare earth elements in the Bi2Sr2Cax−1CuxO2x+4 compound synthesized
by the Maeda group, reached 108 K [81, 82], and in case of cuprate materials in the Tl–Ba–Ca–Cu–O system
(Tl2Ba2Ca2Cu3O10 compound discovered by Sheng Z. Z. and Hermann A. M. in 1988) it was 125 K [83, 84].
The discovery of superconducting mercury cuprates in 1993 by S. N. Putilin and E. V. Antipov increased the
transition temperature to 138 K (HgBa2Ca2Cu3O8+x compound doped by Tl), and under external pressure of
350 thousand atmospheres, the transition temperature increases to 164 K (−109 ◦C) [85, 86]. It is only 19 K
less than the minimum temperature registered on earth. To date, there are more than 50 known original layered
HTSC-cuprates [79].

Although the use of metal superconductors instead of ceramic ones solved the problem of increasing Tc,
it simultaneously created a problem of reduction of the critical Jc currents that destroy superconductivity. As
noted by Tretyakov Yu. D. [79], the latter was the result of fundamental differences of metallic and ceramic
superconductors. If the first ones are isotropic and have a coherence length of up to 20 nm, the second ones are
highly anisotropic and their coherence length does not exceed 2 nm. As a result, in the polycrystalline condition,
the crystallites’ boundary in the ceramic superconductors is comparable with the coherence length and creates an
effective barrier to the movement of magnetic vortices and increases the critical current, which is very important
in technical applications, for example, to obtain strong magnetic fields. In particular, in the systems that generate,
accumulate, and transport electric current, in magnetic cushion transport or in NMR-scanners, superconductivity
must be maintained at currents of about 105 A/cm2 in a magnetic field of 2 to 10 T, while the first samples of
superconducting cuprates obtained using the traditional ceramic processes, had rather small critical current value
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of about Ic ∼ 1 A/cm2 [87]. Due to the high responsiveness of this parameter to the structural characteristics
of superconducting ceramics, in order to prepare and treat it with heat, at the P. Makdgin’s [79] suggestion they
began to apply melt technologies used traditionally in the manufacture of metal but not ceramic materials. This
became possible due to exceptional high fusibility of superconducting cuprates compared to the conventional
oxide ceramics based on MgO, Al2O3 or ZrO2. However, due to incongruent nature of melting (melting with
decomposition where the solid phase is converted into a melt and solid phase of another compound), the melt
product is not single-phased as a rule. However, the presence of inclusions of non-superconducting phases
responsible for the emergence of additional pinning centers, i.e., braking of the magnetic vortices, contributes to
a significant increase of superconductive stability in a magnetic field. In this case, the peak effect revealed in
rare earth ceramic system Ln–Ba–Cu–O (Ln = La, Nd, Sm, Gd, Eu) [79], occurs at the same time. The nature
of pinning associated with the peak effect, is fundamentally different from the pinning due to the introduction
of hetero-phase non-superconducting inclusions. Based on the study of microstructural phase changes related the
peak effect in the system, it is presumably associated with the formation of nanoscale areas of solid solutions at
the original substance spinodal decomposition during formation and cooling of the melt enriched with barium and
copper oxides [78]. The discovery of this effect gave rise to hopes for a radical improvement in technology and
process parameters of superconducting cuprate materials which have recently been given considerable attention
(see, for example, papers [88–91]).

Along with this, research was conducted on superconductivity of non-cuprate compounds, in particular, of
Mg–B, Ba–Na–Ge, Na–WO3 systems [31, 92–96], as well as iron compounds, ferronickel and iron selenides [97–
110]. To date, there is a wide class of such materials which give new opportunities to further increase the transition
temperature of the superconductivity with the simultaneous increase in the critical current value. These data
give reason to believe that in case of both copper and non-cuprate superconductors, layered materials including
nanostructured ones are the most promising.

The anisotropy of physical properties along and across the layers, which determines the peculiarity of the super-
conducting Cooper pairing, has been shown to play a special role in increasing temperature of the superconducting
transition for all layered compounds [111]. In particular, discovered in 2001, superconducting MgB2 compound
of the alkaline earth metal Mg and wide bandgap semiconductor B with alternating magnesium and boron layers
and a transition temperature of Tc ≈ 40 K, a record for borides, has two superconducting gaps were predicted
theoretically and confirmed experimentally [112, 113]. In quasi-two-dimensional Bor hole bands (σ-bands) the
superconductivity transition forms a ∆Eσ gap in the quasiparticle spectrum, which is a band of forbidden energies
for single electrons and of holes with values of about 10 – 11 MeV at the maximum Tc. The superconducting gap
∆Eπ, forbidden band of approximately 1.5 – 3 MeV width, is also formed in three-dimensional magnesium bands
(π-bands). The interaction of these two ‘varieties’ of Cooper pairs in two-band MgB2 material with the double-gap
superconductivity ensures a high Tc. As noted above, the doping leads to a decrease in the critical transition
temperature Tc while increasing the critical current [92]. High-temperature superconducting state was also experi-
mentally observed on surfaces of alkali metals, in particular, localized spots of the surface superconducting phase
were found on the superficially doped crystal of Na–WO3 at a critical temperature of 91.5 K [94,95].

An alternating layered structure is also characteristic for a new class of high temperature superconductors
discovered in 2008 by a H. Hosono’s group [97,98], i.e. layered iron compounds and pnictides (group V elements
in the periodic table: nitrogen, phosphorus, arsenic, antimony, bismuth, etc.), or chalcogenides (group VI, main
subgroup elements: oxygen, sulfur, selenium, tellurium, polonium). Compounds LnFeAsO1−xFx (Ln= La –
Gd), in particular, La[O1−xFx]FeAs where Tc = 26 K [97, 98], Sm[O1−xFx]FeAs where Tc = 55 K [99],
Nd[O1−xFx]FeAs [100], Gd1−xThxFeAsO where Tc = 56 K [101] were synthesized on this basis, demonstrating
for the first time the superconductivity of materials containing magnetic components of Fe atoms in alternating
layers, despite screening by a tetrahedron of As or Se atoms. Subsequently, superconducting Fe compounds were
synthesized with Ce, As, F, As, K, Se, Te, Rb, K, Na and other elements [102–108].

The energy spectrum of each band in substances with such multi-band structure has its own gap, which leads to
at least two superconducting bosonic condensates and multi-gap superconductivity similar to the case of magnesium
diboride [109–112]. The presence at the Fermi level of two conduction electron types (π- and σ-electrons) of
different dynamical (effective) mass which is manifested in the particle motion in the electric field of the crystal
lattice of each structural area of such material, leads to different width of each of the superconducting energy gaps
∆π and ∆σ, to different superconductivity types (type 1 for paired π-electrons and type 2 for σ-electrons), and to
the divergence of other coherence characteristics. Now there are several collections of iron-based superconductors,
including new compounds created in FIAN (P. N. Lebedev Physical Institute of the Russian Academy of Sciences)
from barium, iron and 122-type arsenic. The materials of this group are being studied very actively now, their
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production is simpler than the synthesis of their analogues in other collections, for example those consisting of
gadolinium, arsenic, iron, and oxygen, such as GdOFeAs doped with fluorine which replaces the oxygen [113].

In accordance with the early theoretical two-gap superconductor models proposed by V. A. Moskalenko and
H. Suhl [114, 115] independently, without interband interaction, both gaps behave accordingly with BCS theory
and become zero at their own critical temperatures TcL and TcS . And by having this interaction as shown by
experiments [116, 117], both gaps go to zero when a T = Tc is the same and when T < Tc, one of the gaps is
more than the BCS-value and the other is less (Fig. 8).

FIG. 8. The superconducting gap dependence on temperature in the two-gap HTSC Bi2Sr2CaCu2O8+x [117]

During further development of the theory (I. I. Mazin, [118]) they proposed an alternative mechanism of Cooper
pair formation, based on the magnetic resonance of dynamic magnetic susceptibility and then they suggested the
interband interaction model for spin and even orbital fluctuations [120].

Type 1 and 2 phase transitions occurring in the two-gap superconductors with increasing temperature, change
state with a non-uniform vortex lattice to a state with a regular (triangular) vortex lattice depending on the external
magnetic conditions, then the condition of unevenly spaced vortices with a non-uniform vortex lattice can be
observed again and, finally, they change to the Meissner state [121]. These phenomena, discussed above in
connection with the superconductor transitions from one type to another when the magnetic field is changed, cause
a very unusual kind of hysteretic magnetization curve (Fig. 9).

The specificity of ‘iron’ superconductors lies in the fact that in superconductivity, they exhibit another, an-
tiferromagnetic, phase transition which transforms the magnetic moments of the substance’s atoms (in this case
neighboring Gd atoms) into the state of oppositely directed and equal in magnitude, which reduces the total material
magnetization to zero. This magnetic condition is opposite in a way to a condition of the ferromagnetic materials
where, if the temperature is below a certain critical value (the Curie point), magnetic moments of all atoms are
directed in one way resulting in the ability to become magnetized in the absence of an external magnetic field. The
substance becomes antiferromagnetic at the temperature being below a certain TN value (called the Néel point) and
remains antiferromagnetic up to Tc. It should be noted that the anti-ferromagnetism emerges in these and many
other compounds at high temperatures as a phase that precedes superconductivity at a higher temperature, or in the
‘ancestor’ non-doped compounds. As a number of theorists believe, this means that the ‘glue’ that connects the
electrons into superconducting pairs, is their interaction with magnetic fluctuations [122].

In 2009 – 2014 anoxic iso-structured layered selenides AxFe2−Y Se2 (A= K, Rb, Cs, Te, Tl etc.) were
obtained, among which there are superconducting compounds [104–108,123]. Superconducting properties are found
in the β-phase of iron monoselenide FeSe1−δ , with a significant non-stoichiometry of the chalcogen δ ∼ 0.18.
From the phase diagrams of the system Fe–Se–Te, it follows that tetragonal modification of the β-phase is
stable at temperatures ranging from room temperature to ∼ 844 ◦C, while that in the system Fe–Se is stable to
∼ 457 ◦C (Fig. 10, [124]). To obtain SC-samples in the Fe–Se and Fe–Se–Te(S) systems, both standard material
science methods and less time consuming ways of obtaining poly- and monocrystals [125]. FeSe has a much simpler
crystal structure, but it has many of the same magnetic and electronic properties (including superconductivity) as
the iron-based pnictide superconductors (Fig. 11, according to [126]).
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FIG. 9. The magnetic induction dependence on the magnetic field applied and the magnetiza-
tion hysteresis for two-gap superconductors (schematically, according to numerical simulation of
systems such as MgB2 and layered Fe-containing compounds [121])

FIG. 10. The phase diagram of the system Fe–Se according to [124]. Superconducting properties
are found in the β-phase of iron monoselenide FeSe1−δ

The critical magnetic field which such compounds are able to withstand while remaining a superconductor,
according to experts from FIAN (P. N. Lebedev Physical Institute of the Russian Academy of Sciences) is a great
value about 130 T [38]. This parameter, in addition to the other two (Tc and Jc), is very important for technical
applications. As for the new compounds, it almost matches the achieved value of Hc2 = 100 T for the most studied
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FIG. 11. Comparison of the crystal structures of the iron-based pnictide superconductors on the
example of LaOFeAs (left) and BaFe2As2 (center) and FeSe (right), based on [126]

TABLE 1. Electrical and technical specifications of some commercially available superconductors
(according to [38])

Compounds Tc, K Jc, A/cm2 at 4.2 K Hc, T at 4.2 K

NbTi 9.5÷10.5 (3÷8) 104 12.5÷16.5

Nb3Sn 18.1÷18.5 (1÷8) 105 12÷13

NbN 14.5÷17.8 (2÷9) 107 8÷13 (25 at 1.2 K)

TABLE 2. Parameters of some HTSC materials (based on [128,129])

Compounds Tc, K Number of CuO2 layers

La1.85Sr0.15CuO4 40 1

YBa2Cu3O7 92 2

Bi2Sr2CaCu2O8 95 2

Bi2Sr2Ca2Cu3O10 115 3

Tl2Ba2Ca2Cu3O10 122 3

HgBa2Ca2Cu3O8 134 3

cuprate superconductor Y–Ba–Cu–O having almost twofold critical temperature of 92 K (YBa2Cu3O7 compound)
and Bi2(Sr2Ca2)Cu3O10 having Tc = 110 K but considerably lower critical current. Meanwhile the maximum
magnetic field obtained by the ‘traditional’ commercially available superconductors (NbTi, Nb3Sn and NbN) is
now fivefold smaller and only reaches 25 – 28 T (Table 1 [38]).

The theoretical assumptions concerning the definite role of increasing the number of layers for enhancing the
critical Tc temperature, made on the basis of the effect of Josephson tunneling of Cooper pairs between the layers
of HTSC materials [127], initially received an experimental confirmation in experiments with the homologous
cuprate series (Table 2, based on [128,129]).

Along with this, without using any behavior patterns for electrons in a normal or superconducting state, in
his study, A. J. Leggett [129] derived a simple formula for estimating the critical temperature change depending
on the n-number of CuO2 layers in HTSC families of the same structural type in comparison with a single-layer
specimen from the same homologous series as the inequality Tc(n) − Tc(1) = To(1 − 1/n), where To is an
individual constant for each family. In particular, this formula results in [Tc(3) − Tc(2)]/[Tc(2) − Tc(1)] = 1/3,
which was consistent with the available experimental data 0.25 – 0.34 for homologous series of cuprate HTSC
having a number of layers n = 2 and n = 3 (see, for example, Table 2).

However, the subsequent experiments with a multi-layered metal oxide HTSC [130, 131] by methods of
scanning quantum-interference microscopy (SQUID) and nuclear magnetic resonance (NMR) showed that the
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Josephson’s interlayer tunneling is not a basic mechanism for high-temperature superconductivity. The bell-
shaped curve Tc(n) with the cascading branch when increasing the layers number greater than n > 3 and the
redistribution of charge carriers from ‘internal’ to ‘external’ layers within one unit cell was also identified. The
proposed theoretical model, that takes into account the last factor on the phenomenological level [132], describes
the behavior of Tc(n) with a maximum at n = 3 quite well (Fig. 12).

FIG. 12. The temperature dependence of the superconducting transitions on the number of CuO2

planes in the unit cell (schematically, according to [129] for homologous series of
HgBa2Can−1CunO2n+2+δ)

It should be noted that the nature of superconductivity in high-temperature materials produced is still not fully
clear. They are not ‘conventional’ superconductors in terms of the Bardeen–Cooper–Schrieffer theory, for which
the predicted critical temperature should not exceed the above limit of about 40 K (−233 ◦C), and the prospects
in this area for achieving even a higher transition temperature are not clear. However, according to this theory, all
that is required to achieve a high Tc is a favorable combination of high frequency phonons, strong electron-phonon
bonding, and high density of states [133]. As recently shown by A. P. Drozdov, M. I. Eremets, I. A. Troyan,
V. Ksenofontov and S. I. Shylin [134], these conditions can be theoretically fulfilled for metallic hydrogen and
covalent hydrogen-dominated compounds. This idea was confirmed by computational studies predicting the transi-
tion temperature in the range of 50 – 235 K for many hydrides, in particular for hydrogen sulfide (H2S), which is
transformed to a metallic state at a pressure of 90 GPa, and the critical temperature for transition into the supercon-
ducting state depends on the temperature at which the sample becomes compressed. The results of experimental
studies concerning the influence of these factors on the hydrogen sulfide’s resistivity and the transition temperature
obtained by the authors in 2015 are shown in Fig. 13.

FIG. 13. The effect of sample pressure and temperature before compression on the electrical
resistance and critical temperature of sulfur hydride and deuteride transition into the supercon-
ducting state (Figures taken from [134])

In their experiments, they recorded a new supercritical transition Tc temperature of about 203 K (or −70 ◦C)
exceeding the previously noted record Tc level of 164 K (−109 ◦C) of ‘unusual’ (in the above sense) mercury-
containing superconducting cuprates for the compound HgBa2Ca2Cu3O8+x, which was achieved at an external
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pressure of 35 MP. The ‘normal’ hydrogen sulfide (H2S) was compressed at high pressures of about 153 GPa
and a temperature of more than 220 K, and, according to the authors, the superconducting transition was due to
the formation of H3S from H2S by decomposition under pressure and strong isotopic shift of normal hydrogen to
deuterium with the formation of D2S. The hydrogen sulfide transition into the superconducting state is confirmed by
direct measurements through the presence of the Meissner effect using the method of nuclear resonant scattering of
synchrotron radiation by the independent international research team [135]. There are predictions on the possibility
to further increase Tc in the hydrogen sulfide based materials, for example, by replacing some sulfur atoms with
phosphorus, platinum, potassium, selenium and tellurium; these predictions stimulate new directions of research on
the hydrides superconductivity [135–139].

The above data on critical temperatures at which range of materials become superconductive, are compared to
some characteristic temperatures in natural conditions in Fig. 14.

FIG. 14. Comparison of critical superconducting transition temperatures of some materials with
representative temperatures existing in natural conditions (based on [29])

There are still no generally accepted results for the synthesis of more high-temperature superconductors,
although there was some information about superconductivity in the materials based on diamond and other systems
at a critical temperature close to room temperature [136–138]. At the same time, using different experimental
techniques [139,140] it was recorded that there is another energy gap emerging at a temperature above the critical,
which was called as a ‘phony’ gap or a ‘pseudo-gap’ because of its inexplicable origin [30,137–143]. A number of
researchers explain its appearance with the phase transition to a special ‘pseudo-gap’ state, and various hypotheses
of the phenomena occurring during this process are considered in the proposed models. For example, it is argued
that at temperatures above Tc, Cooper pairs are not destroyed but only lose their coherence, i.e. lose the connection
between them [144], or that a pseudo-gap at above the superconducting transition temperature appears due to the
influence of clusters of superparamagnetic or antiferromagnetic ordering as a kind of ‘magnetic glue’ which occurs
when a high-temperature superconductor is not doped or poorly doped with charge carriers [145]. It is also thought
that such a mechanism lies in the formation of spin- or charge-density standing waves involving magnetically
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ordered structures of indirect exchange via the conduction electrons in their organization, leading to the formation
of virtual quasi-localized states, but other ideas exist as well [143–148].

It is worth mentioning the opposing view of the same large number of researchers that see no relation between
transition into the pseudo-gap state and any phase transition and explain it by suppression of the electronic states
density of one-particle excitations near the Fermi level. This is indicated, in particular, by typical dependence of
the superconducting gap characteristics on the external magnetic field, whereas the pseudo-gap practically does not
depend on it [149, 150]. This is evidenced by, for example, the data in the papers [117] and [151] which together
show that at T = T ∗ > Tc, a large spatially inhomogeneous gap (pseudo-gap), irrelevant to superconductivity, is
formed in HTSC, while at T = Tc, the superconducting gap is formed, which is uniform and much smaller in size.

These contradictions show that the authentic origin of the pseudo-gap is still unclear.

4. Energy ‘pseudo-gap’ as an independent phase transition in high-temperature superconductors

It is possible to distinguish the relationship of the energy pseudo-gap occurrence accompanied by formation of
local incoherent Cooper pairs from other, competing with this, conditions by availability (in case of superconductive
pseudo-gap) or absence (in another case) electron-hole symmetry of its energy spectrum relative to the Fermi level.
However, it is clear that regardless of the specific mechanism, the emergence of the energy pseudo-gap can be
considered as an independent phase transition in the substance prior to the transition to superconductivity in HTSC.
Experimental evidence for this fact was presented by a large group of specialists from several research organizations
in Japan, USA and Thailand [140]. Using a scanning tunneling microscope, they found that a significant role for
the occurrence of this state is played by a critical level of doping of the superconductor Ca2CuO2Cl2 with sodium
atoms, beyond which the material becomes superconducting at a rather high temperature. It was also revealed
that when doping the original superconductor with sodium at very low levels, the atoms were observed to form
in nanometer clusters which always appear during the pseudo-gap formation [152]. At the same time as the
sodium atom concentration was increasing, their individual clusters began to merge gradually and when they were
completely coupled, the material demonstrated the properties of superconductor.

The spontaneous appearance of thermodynamically non-equilibrium Cooper pairs (superconducting fluctua-
tions) at temperatures above Tc results in, compared to conventional one-electron mechanism, the additional
charge transfer known as ‘Aslamazov–Larkin contribution’ [153, 154], as well as excess conductivity, or paracon-
duction [155]. Herewith, its conductivity and heat capacity, sound absorption factor, thermal EMF, Hall coefficient,
anomalies of tunneling transition current-voltage characteristic, diamagnetic susceptibility and other phenomena
can be significantly increased even in the normal phase of the superconductor material in the immediate vicinity
above Tc. However, when the superconducting transition temperature is reached, the expected superconducting
fluctuations, a consequence whereof is the effect of superconductivity, are not only suppressed but may be missing
at all.

The common feature of all cuprate HTSC families with different types of doping is a bell-shaped critical Tc
temperature dependence on the x-concentration of charge carriers (with a maximum at xopt ∼ 0.2 for p-doping
and at xopt ∼ 0.15 for n-doping), as presented on the generalized phase diagram (Fig. 15) using papers [111,156].

Considered in [157], the original explanation of this dependency within the theory of Josephson tunneling
of Cooper pairs between CuO2 layers which, as already noted, also predicted an increase in Tc with increasing
number of CuO2 layers in the unit cell [127], is not consistent with the above bell-shaped Tc dependence on the
number of layers with a maximum at n = 3 (see Fig. 12). The latter assumption about the relation of the possible
mechanism of both effects with the ‘Andreev’ reflection is indirectly confirmed by the aforementioned NMR data
in cuprate HTSC [131] which showed that in case of a large number (n > 3) of CuO2 layers, charge carriers
are distributed non-uniformly, their concentration within a single unit cell in the ‘internal’ layers is smaller than
in external ones. The results of the numerical modeling of these phenomena [158] based on phenomenological
representation of the free energy of the system as a function of two interacting order parameters, superconducting
and non-superconducting, indicate their possible connection with a certain ordering (probably, that of charge density
waves) that competes with superconductivity. According to this widely discussed hypothesis in the literature (see,
e.g., reviews [143, 144, 157]), the latter also determines the appearance of the pseudo-gap. In the above phase
diagram (Fig. 15) it is located in the area of the current carrier concentration which is less than optimal and
corresponds to the maximum Tc temperature, and reveals itself with a number of anomalies in their electronic
properties in both normal and superconducting state. Due to the reduced carrier concentration in ‘internal’ layers
of a multilayer unit cell, the pseudo-gap size is large in these layers, and the actual superconducting order is
suppressed, which leads to decrease of Tc when n > 3. This conclusion from modeling results confirms the
competing contribution of the phenomena considered to the formation of superconducting correlations; however,
it does not clarify the underlying mechanism of high-temperature superconductivity, by which, in particular, only
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FIG. 15. Typical phase diagrams for cuprates of different hole and electron doping x-levels
(according to [111, 156]): a) – only hole doped (p-type); b) – both n-doped (on the left, for
the (La,Pr,Nd)2−xCexCuO4−y compound) and p-doped (on the right, for the La2−xSrxCuO4−y
compound). The figures indicate the following: 1 – a zone of incomplete doping, 2 – a zone
of optimal doping, 3 – a zone of excessive doping, 4 and 5 – zones of poor and heavy doping,
respectively. The letters indicate the following: FL – the normal Fermi-liquid area (normal phase);
SC – the superconductivity area (the superconductivity phase); PG – the pseudo-gap phase area;
sPG and wPG – strong and weak pseudo-gap areas, respectively; BS and QSS – areas of bound
and quasi-stationary states of Cooper pairs, respectively, QSS+BS – area of their coexistence; AF
and AFM – anti-ferromagnetism areas (antiferromagnetic phase); QCP – quantum critical point.
Specific temperatures: Tc – the superconducting transition temperature; T* – the pseudo-gap
transition temperature; Ts* – the temperature of strong and weak pseudo-gaps crossover; TN –
the antiferromagnetic transition temperature (the Néel temperature), x – the doping level

a single CuO2 layer is superconducting. The question also remains open in terms of how to achieve a relatively
uniform distribution of carriers in the layers so that the pseudo-gap deterring the critical temperature growth in
superconducting macro-structures would not appear because of their unbalance.

5. Peculiar properties of nanostructure superconductivity

The possibility of superconductivity in metallic and non-metallic systems, and even in organic compounds
at high temperatures was substantiated by V. L. Ginzburg [22, 28] and W. A. Little [75–77]. They believed that
the creation of room-temperature superconductors (RTSC) is one of the most important problems in the field of
nanotechnology.

Fundamentally, this technology can be implemented by depositing atomic layers, for example, by atomic layer
deposition (ALD), first proposed by V. B. Aleskovski in the mid-twentieth century [159,160] and usually called as
the method of molecular layering (ML) in the Russian scientific literature [161]. The specificity of this method lies
in the possibility of forming a molecular or atomic monolayer on complex-shape substrates without forming three-
dimensional nuclei by cyclic alternate supply of gaseous (MOCVD – Metal Organic Chemical Vapor Deposition)
or liquid (with subsequent pyrolysis – MOD – Metal Organic Deposition) precursor reagents of the buffer layer
and the base material to the substrate in a way that the chemical reactions leading to the film growth occur only
in chemisorbing layers, that is, with the exception of reactions in the gas phase. Meanwhile a given increase in
the thickness of the formed film is easily and accurately controlled by the number of deposition cycles using the
ability for self-organization (self-restraint) of surface reactions culminating automatically with the exhaustion of all
reactive sites on the surface.

Another technological approach to produce the HTS conductors is the layer deposition in vacuum using the
laser method (PLD – Pulsed Laser Deposition), electron or ion beam (Electron beam Deposition or Sputtering)
and magnetron sputtering. Here, a high-temperature superconducting layer is deposited by ablation. When this
technology is used, superconducting compound molecules or clusters, instead of individual atoms, should be
transported from the target to the substrate and deposited on it [162, 163].

The mixed technology can be applied, for example, the buffer layers are applied by sputtering, and the HTSC
layer is applied by chemical means.

In general, this enables the construction of both 2D-layered and 3D-dimensional superconducting nanostructures
which are unique in terms of reproducibility and high conformity of the formed layers, thickness and density
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uniformity, number of defects, stoichiometric composition. A large variety of conductors and dielectrics can be
used to generate the required electron-phonon spectra and obtain the superconductivity effect at a high temperature.

However, the existence of the superconductivity at high critical temperature in amorphous metal nano-
films [164] and in a number of nano-carbon substances synthesized based on insertion of the potassium atoms
into fullerenes and nanotubes and the doping of a fullerene crystal with tribromomethane molecules [165, 166]
shows that to obtain the superconductivity, the availability of an ordered structure similar to the layered cuprates or
ferrous compounds is not required [167]. High-temperature superconductivity is typical of many other nanostruc-
tures. For example, it is typical of ultrathin NbC films and films from the aforementioned magnesium diboride,
MgB2 [168], ultra-narrow silicon (Si) quantum p-wells bounded by δ-barriers and heavily doped with boron [169],
copper-containing fullerene quantum-well samples of endohedral nanostructures with the included element atom
location inside the carbonic structure [170] and also of other nanostructures limiting the charge carrier movement
in one, two, or three dimensions.

Discrete quantization levels of the charge carrier energy resulting from these limitations give rise to a great
diversity of the superconductivity characteristics in the nanostructures compared to bulk samples of the same
materials and open up opportunities for creating new materials as well. Thus, research on dependence of a critical
value of the parallel Hc‖ magnetic field for thin nanofilms superconductors NbC and MgB2 on their thickness
and the mean free path of the electrons showed that at low temperatures the critical Hc‖ field can significantly
exceed the critical Hc2 field [168]. In case of NbC films, near the Tc critical temperature, the parallel critical
Hc‖ field varied depending on the film d thickness in proportion of ∼ (1/d)3/2, which is also the case for

pure superconductors [171] and the observed temperature dependence of Hc‖(T ) ∼ (1− T/Tc)1/2 satisfy the
superconductor vortex-free condition in the whole temperature range below Tc. In a perpendicular magnetic Hc⊥

field, in case of both type 1 and 2 thin and ultra-thin superconductor plates being of thickness that is much less than
the London penetration depth, the Meissner and the transport currents are almost constant by thickness. This leads
to the transformation of the Abrikosov vortex into the so-called Pearl vortex [172] where the motion’s speed can
reach 103 cm/s [173], as well as to the effect of local variations in the magnetic field direction (the ‘vapor trail’ in
a magnetic field and even the ‘contrail precursor’ accompanying this vortex [174–176]). This effect reveals under
the action of Lorentz force while passing both direct and alternating transport currents which make the vortices
move uniformly or oscillate, and therefore, either keep fixed the shape of distribution of the vortex magnetic
field in time or change it during the oscillation period while maintaining the general character of distribution
(Fig. 16). Since the inversion of the longitudinal magnetic field component makes the vortices pull towards each
other [177, 178], the moving Pearl vortices in thin films of superconductors are arranged in chains which can be
observed in magneto-optical experiments.

FIG. 16. The distribution of stationary (a) and flash (b) magnetic field H = 2πλ2Hc ⊥ /Φ0

with respect to X = x/λ in the direction of motion, respectively, for a uniformly moving Pearl
vortex [174, 175]; the minima correspond to the ‘inversion precursor’ in front of and to ‘vapor
trail’ behind the vortex center. Herein, x is for the distance from the vortex center, λ – the
London penetration depth, Φ0 – the magnetic flux quantum

Similar effects are also seen in the above-mentioned strongly anisotropic layered high-temperature supercon-
ductors, where the vortex structure is presented by vortices of two types, the properties of which differ markedly.
The internal magnetic flux perpendicular to the superconducting layers is formed of point vortices merging into
chains perpendicular to the layers, similar to Pearl vortices in thin films. Parallel to the layers, the magnetic flux is
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formed from vortices which are similar to vortices in tunnel transitions being parallel to the transition plates. The
interaction between these vortices and the formation of composite vortices, which contain vortex segments of both
types, leads to a complex dynamics of magnetic flux in strongly anisotropic layered superconductors [179].

Great opportunities to produce different types of self-ordering nanostructures such as quantum wires and
crystallography-oriented quantum dot systems are provided by means of a method of molecular beam epitaxy [180],
as well as ion implantation and non-equilibrium impurity diffusion methods [181]. As the method of atomic layer
deposition (ALD) [182], they are widely applied in modern technology of semiconductors and nanoelectronics in
the synthesis of other functional materials in planar technology [183–185]. In particular, created on this basis, the
silicon sandwich nanostructures on the Si(100) n-type surface which are ultra-narrow silicon quantum p-wells with
high current carrier mobility, bounded by heavily boron-dope δ-barriers, show high-temperature superconductivity
with Tc = 145 K and the superconducting gap value of 0.044 eV [186]. As the authors suggest, superconductivity
arises as a result of the transfer of hole (p-type) bi-polarons of small radius through the dipole boron centers
with negative correlation energy at the ‘silicon quantum well – δ-barrier’ boundary. To create them, the fractal
self-organization of the initial micro-defect distribution on the surface of oxidized single-crystal silicon [187] is
applied; this process recurs during the quantum wells self-organization and, apparently, is a ‘Sierpinski wipes’-type
fractal modification [188] with an incorporated longitudinal silicon self-ordered quantum well (Fig. 17).

FIG. 17. The diagram of self-ordered silicon wells produced on Si (100) surface under conditions
of injection of the proper silicon interstitial atoms (white circles) and vacancies (black circles)
during pre-oxidation (a) and subsequent micro-defect passivation under short-time boron diffusion
by the vacancy mechanism (dark areas) (b) according to [187]

The superconductivity in 3D-fragments of carbon deposits with a high content of multivariable spatial nano-
tubular structures were discovered by V. I. Tsebro, O. E. Omel’yanovskii, and A. P. Moravskii from the Physical
Institute of RAN (FIAN) (P. N. Lebedev Physical Institute of the Russian Academy of Sciences). They discovered
almost undamped currents and magnetic flux capture at liquid helium temperatures, just as it occurs in a multi-
variable superconducting structure, moreover, the captured magnetic flux was damped very slowly even at room
temperature [189].

Predicted theoretically, the phenomenon of oscillations in the critical temperature of the superconducting
transition in the form of reentrant superconductivity in layered ‘superconductor - ferrimagnet’ nano-hetero-structures
based on niobium and copper-nickel alloy is experimentally confirmed [190]. It may be considered as a direct
proof that the inhomogeneous Larkin–Ovchinnikov–Fulde–Ferrell superconductivity (the above mentioned FFLO
phase) occurs in the context of anomalous manifestation of the mechanism of ‘paramagnetic’ superconductivity
destruction. In these experiments, samples of atomically-smooth thin film structures, produced using the known
method of vacuum magnetron sputtering, were used.

The anomalous temperature-dependent diamagnetism existing within the range of room temperature to 750 K
is discovered in aerosol-generated nickel oxide nanoparticles which were studied at the Institute of Structural
Macrokinetics and Materials Science of the Russian Academy of Sciences during the crucibleless synthesis in the
levitation-jet generator [191–193]. This effect is associated with the emergence of superconductivity on the surface
of nanoparticles of averagely 10 to 30 nm in size and with different content of metallic nickel clusters. It was
found that the thickness of the superconducting surface layer is independent of the particles size and is about 6 nm
(approximately 30 atomic layers); however, in case of smaller particles, the anomalous diamagnetism disappears
completely at room temperature. Evaluation of the second critical field for the superconductivity vanishing indicates
the expected value of at least 15 T at 300 K. Further consolidation of powder of these particles with the above-
mentioned magnetic behavior peculiarities was also studied applying the method of laser sintering under conditions
ensuring the preservation of the superconductivity in the individual nanoparticles [194].
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A promising way to create such layers with nanometer and sub-nanometer thicknesses and precisely-controlled
chemical composition on the nanoparticle surface is the synthesis of composite ‘core-shell’-structured nanoparticles.
Both the above mentioned ML-ALD method of chemical layer deposition [195] and the method based on self-
organization of nanoparticles of variable composition can be used for this purpose, for example, during the
formation thereof in hydrothermal conditions due to displacement of the excessive components in composition
from the resulting solid ‘core’ solution to a ‘shell’ that surrounds it [196–198].

The following progress of such technologies to achieve compact nanostructured superconducting materials is
interconnected with both the development of new methods for the synthesis of ‘core-shell’ nanoparticles and new
sintering methods in parallel with the study of individual nanoparticle interactions in the consolidated system.
To solve the said problems and the problem of formation of nanomaterial structure and properties in general,
the non-autonomous phases and corresponding non-autonomous substance condition play a particularly important
role [199]. They are formed at the joints between macro-volumes of a substance as an intermediate transition
surface or internal structures where a composition, a structure and properties are determined by space or mass
limits, and which cannot exist as a separate thermodynamic phase. Apparently, the definition of a non-autonomous
substance condition was given for the first time by Defaye and Prigozhin in their papers [200, 201] in order to
thermodynamically describe a substance which is localized in the boundary areas of volume phases and differs from
them by its unique state equation (phase equation, according to J. W. Gibbs’s terminology). The concept of ‘non-
autonomous phase’ was used most successfully to describe the solid-phase processes (see for example [202–205]),
although this approach also shows promise in the description of processes in the area of solid, liquid and gaseous
phase contact [206–208]. Herewith, nanometer-scale environments with spatial limitations in one or several primary
directions, where the walls neither exchange substance nor interact chemically with the substance localized in their
limited space, can be considered as nano-reactors. The dimensional change of reaction zone affects the chemical
or phase transformations occurring there (a known effect of reactor process scaling [209, 210]. It is characterized
by highly quick mass transfers in nano-reactors compared to their macro-sized counterparts. This, combined with
the limited proportion of a substance contained there, provides a set of fundamentally new properties, in particular,
the ability to save individual characteristics of nanoscale objects in the consolidated system with a great proportion
of substance in the non-autonomous phases.

To study the emerging high-temperature superconductivity in ensembles of interacting nanoparticles [206],
nanoscale approaches developed in earlier models of V. L. Ginzburg and W. A. Little [22, 75–77] are involved,
which are discussed in detail by L. V. Keldysh [211]. In particular, they proved the existence of the effect of
superconductivity amplification during formation of various current contacts between nanoparticles of metals and
alloys (tin, indium, lead, vanadium, zinc, lanthanum and their oxides) [208] where the delocalized electron spectra
form energy shells similar to the atomic or nuclear energy shells [212, 214–216].

The study of the superconductivity phenomenon at the level of interphase layers also indicates the possibility to
create tunneling chains of metal nanoclusters with a total charge transfer [217]. This creates the chance to ‘vastly’
intensify the superconducting pairing and significantly increase the critical superconducting transition temperature
up to the room temperature value [218]. This is caused by such a distinctive feature of nanoparticles as a discrete
structure of their electron spectra due to the relatively small number of atoms compared to the massive volumes of
regular solids. As a result, the superconducting energy gap value may exceed the difference between the energy
levels that arise due to the finite particle size (a finite number of atoms in it) or come up with it [219]. In
addition, as the energy levels are not equidistant, they can be highly degenerate and fairly close to each other
in the vicinity of the Fermi level, which leads to the density peak of states at the Fermi level. According to
estimates [220] detailed in [218], such a ‘dimensional’ quantization leads to the effect of Tc increase by value of
δTc/Tc ≈ (2 − 3), which was discovered in thin films and granular materials [220–224]. A similar situation in
the clusters considerably stimulates the electron pairing; moreover, one can expect a tremendous intensify thereof
compared to volume pairing, which emphasizes the importance of the nanoparticle shell structure for pairing as
specified by W. Knight and several other researchers [225]. Most assuredly, this type of pairing also affects the
optical, magnetic, thermodynamic and other properties of the clusters.

One of the important issues is still a resistance of high-temperature superconducting materials, especially
nanostructured ones, to various functional and fluctuation effects which primarily affect chemical, thermal, current
and magnetic stability and cause energy dissipation in superconductors.

6. Dissipative phenomena, chemical, thermal, current and magnetic stability of nanostructured
high-temperature superconductors

The problem of functional stability for the composition, structure and properties of superconducting nanos-
tructures under the thermal, current and magnetic influences reflects the problem of the overall nanomaterial
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sustainability in many ways [29]. It depends greatly on the production method: either by nanocluster aggregation,
in particular, under conditions close to thermodynamic equilibrium [226, 227], or by dispersion from the consoli-
dated substance during non-equilibrium thermodynamic processes while applying outside powerful energy fluxes.
The latter method increases greatly the energy saturation of nanoparticles, which may lead to their specific behavior
and cause the threshold phenomena (see, for example: [228–234]). In all cases, a significant role in forming the
nano-structure stability is played self-organization phenomena [235] including those happening at the formation
level of the above-mentioned non-autonomous phases with particular physical chemistry.

Even being outside the functional impacts (while storing or preparing for use), most superconducting com-
pounds are only thermodynamically stable within a limited range of temperatures and oxygen partial pressures,
beyond which they are in a state of metastable equilibrium. To stabilize these compounds, dopants are applied
that chemically ‘deform’ the crystal structure and can lead to a significant change in functional parameters of the
HTSC material under usage conditions because of geometry changes in superconducting and dielectric areas, as
well as the charge redistribution between them. One of the simplest ways to evaluate stability of the synthesized
oxide superconductors is based on the known Goldschmidt’s geometric tolerance criterion [236, 237], according to
which the perovskite-like A–Cu–O structure (where A is for atoms of K, Rb, Cs, Tl, etc.) will be sustainable in
the above sense, if the (RA +RO) /

√
2 (RCu +RO) ratio lies in the range of 0.8 – 1, where R stands for ionic

radii of constituent elements. The additional influence of other geometrical factors in the structures of specific
chemical compounds is considered, e.g., in [29, 238, 239]. As for the superconducting complex oxides of the last
generations representing, as a rule, solid solutions of different non-homogeneity that depends on the production
technology and subsequent heat treatment, there is an urgent problem of chemical phase metastability in condi-
tions of low-temperature decomposition of the solid solution supersaturated by one or more components, as well
as its instability in relation to small spinodal fluctuations which lead to delamination and formation of coherent
areas of significantly different chemical composition [240]. When thermally influenced, nanomaterials may show
other processes that affect their stability, particularly those related to the relaxation of internal micro-stresses and
the subsequent grain growth, the change in the numerous boundary surfaces and the appropriate proportion of
non-autonomous phases in the total material volume, diffusion and effects of border segregation of the individual
components [241, 242].

These phenomena can become significantly intensified under the influence of various physical fields (magnetic,
electric, power, radiation, etc.), primarily functionally conditioned, especially those leading to the above considered
thermodynamic phase transitions of a substance or those corresponding to extreme working conditions of type 2
superconducting materials wherein the current density can reach a value of j = 105 − 107 A/cm2, and the
superconductivity maintained in magnetic fields is up to H = 105 − 106 G (10 – 100 T) (Fig. 18, [243]).

Since the superconductors are used due to their ability to resist the damaging effects of high currents and
magnetic fields arising at working conditions in most practical applications, much attention is paid to studies
of dissipative processes accompanying and contributing to the emergence and evolution of current and magnetic
instabilities in superconducting materials. In the development of such instabilities, a special role is played by
thermal fluctuations that can lead to overall instability of the critical state itself under certain conditions, which is
evidenced by the so-called ‘giant’ creep phenomenon [244]. As a result, the spontaneous temperature rise taking
place in some volume of the superconductor material reduces the pinning forces that bind the individual vortex
filaments of the occupied magnetic field to the existing defects, which leads to the vortex lattice disequilibrium
and the magnetic flux movement accompanied by heat release due to energy dissipation of the superconducting
currents. In turn, this causes a further increase in the sample temperature and, in case of large values of the external
magnetic field and transport current in high-temperature superconductors, can turn into a snowballing process of
interrelated temperature and electromagnetic field perturbations as a flux jump. In contrast to the usual slow
creep of magnetic flux and its logarithmical relaxation through time at small currents, a ‘giant creep’ can result
in the loss of current, magnetic and thermodynamic stability, which ultimately can cause complete destruction of
superconductivity [245,246].

A very unusual example of development of these ‘thermal’ instabilities in superconductors can be the experi-
mentally observed self-similar tree-like or branching formation of normal (non-superconducting) fractal structures
which emerge incrementally at temperatures ranging slightly below Tc and which are never observed when reach-
ing Tc. The latter circumstance is still not theory-based despite the large amount of experimental data on such
formations which emerge especially well as the macroscopic ones in thin films during the magnetic field penetration
(Fig. 19) [247].

A possible explanation of this phenomenon as ‘deterministic chaos’ [248] can lie in percolation vortex de-
pinning mechanism proposed in [249] to describe the resistive state of thin film of superconductors near the critical
current. This approach relates the transition of a superconductor end portion into the resistive state to the viscous
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FIG. 18. The stability of the critical-current density for various HTSC materials, depending on
the external magnetic field magnitude at 77 K according to [243]: 1 – sintered ceramics, 2 –
Bi2212 tapes, 3 – coarse grain ceramics and single crystals, 4 – Y123, 5 – pure Nd123, 6 - Nd123
with 235U embedded and irradiated with slow (thermal) neutrons, 7 – thin films, 8 – the theoretical
limit

FIG. 19. Magneto-optical images of the treelike branching structures in thin films of YBaCuO
at temperatures of 4.2 K (a), in MgB2 at a temperature of 3.8 K (b) and 10 K (c). Figures taken
from the review [247]

flow of vortices and the formation of randomly distributed vortex cores (joined chains of normal state – ‘flow
clusters’), the probability of formation thereof determines the achievement of the percolation threshold to be below
the critical value the total de-pinning (Fig. 20).

This model also results in a universal power law dependence of volt-ampere characteristics of the resistive
state of the film superconductors near the critical current and allows us to express the exponent in this dependence
through the universal 2D flow theory critical indices of γ ≈ 1.3 − 1.6 [250]. It agrees satisfactorily with
the experimental data for high-temperature superconductors and weakly depends on the HTSC type and sample
quality [251] in contrast to conventional type 2 low-temperature superconductors where an exponential dependence
of the resistive volt-ampere characteristic is typical.

As noted above, induction (‘Meissner’) currents that occur near the superconductor surface tend not only to
escape the penetration of external magnetic fields in the superconductor but also not to let the vortex filaments
of the magnetic field out of its thickness, which penetrated into the sample at temperatures T > Tc when it
had not been superconductive yet. Therefore, the HTSC stability assessment and the consideration of dissipative
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FIG. 20. Percolation 2D-structure in the system of vortex pinning centers in a thin film [249].
Black color denotes the areas where vortices may flow steadily; grey color denotes extra areas
appearing when the Lorentz force increases due to the transport current step-up

processes thereof under different perturbations and functional regime regulation should be carried out based on the
general non-equilibrium thermodynamics methods [252], taking into account the high-tension electromagnetic field
emerging in such materials long before the superconductivity is destructed. With this in mind, we should search
the mechanisms to maintain the HTSC superconductivity at the AC current input in overloaded regimes of non-
intensively cooled HTS magnets, when the input current peak values can significantly exceed the so-called quench
current which defines the boundary of steady states during the DC current flow in the superconductor [38, 253].

7. Conclusion

The analysis of achievements, challenges and prospects for materials with high transition temperature of the
superconducting state indicates a large variety of existing approaches to solve this problem which is relevant in
scientific and practical terms.

The obtained experimental results and the proposed theoretical models describing the physical mechanisms of
the superconductivity’s occurrence at a phenomenological and microscopic level, including those on atom energy
spectrum modification, relate the further progress in the understanding of the ‘superconducting’ gap origin at a
temperature below the critical transition, as well as the ‘pseudo-gap’ above the critical temperature. Although the
pseudo-gap origin is not completely understood, it can be considered as an independent phase transition in the
substance prior to the transition to a zero-resistance state and insusceptibility to external magnetic field in high
temperature superconductors. In this respect, studies of the characteristics of multi-gap and gapless superconducting
materials, their abilities to further increase the supercritical transition temperature and the critical current magnitude
are also of considerable interest.

Large reserves to create the necessary electron and phonon spectra during the high-temperature superconduc-
tivity formation are associated with nanoscale structures and nanoparticle systems of conductors and dielectrics.
Herein, a significant role is played by features of their electronic spectrum with a noticeable discrete structure due
to the relatively small number of atoms compared to the massive volumes of regular solids, and the formation of
the different current contacts between the nanoparticles and the creation of the tunnel circuits. The study of the
superconductivity phenomenon at the level of interphase layers (non-autonomous phases) and in the nanoparticles
also indicates the possibility to create tunnel chains of metal nanoclusters of certain parameters along with the
total charge transfer, where the delocalized electron spectra form energy shells similar to the atomic or nuclear
shells. This makes possible the ‘vast’ intensifying of superconducting pairing and a strong increase in the critical
temperature of the superconducting transition.

Implementing of these possibilities requires further study of the superconductivity at the level of the non-
autonomous phases in these structures, developing adequate methods of synthesis of nanoparticles of variable
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size, structure and phase composition, as well as consolidation technologies thereof ensuring the preservation of
individual nanoparticle superconductivity along with its chemical, thermal, current, and magnetic resistance.

A special role in the instability development, when there are functionally-related effects, is played by thermal
fluctuations that are able to lead to the overall supercritical state instability akin to the ‘giant’ creep phenomenon
under certain conditions. It is also necessary to search for the mechanisms to preserve the HTSC superconductivity
at AC current input therein in the overloaded modes when the peak values of input currents can significantly exceed
the quench current which sets the boundary of steady states during the DC current flow in the superconductor.

In general, the research lines considered reveal resources to find suitable nanoscale structures and materials
with high superconductivity transition temperature.

8. Post Scriptum

Before the submission of the present review to the Journal it became known that Nobel prize in Physics 2016
was awarded to David J. Thouless, F. Duncan, M. Haldane and J. Michael Kosterlitz [254] ‘for theoretical
discoveries of topological phase transitions and topological phases of matter’. The use of the topological concept
for studying of space properties which remain unchanged at its remaining invariable at its continuous deformations
allows one to describe the order disturbance in the condensed systems, in particular, transition to a superfluid
or superconducting state. On this basis the mechanism of phase superconducting transition is explained at low
temperatures even in thin (two-dimensional) layers with a stepwise change of conductivity with the increase of
induction of the imposed magnetic field as well as the mechanism of disappearance of superconductivity at high
temperatures. The latter transition was received the name of Berezinskii–Kosterlitz–Thouless (BKT) transition [255–
257], but the Soviet physicist-theorist Vadim Berezinskii participated in theory development in the 1970’s has not
lived up to getting the Nobel Prize. Approximately at the same time F. D. Haldane discovered that topological
representations could be used for properties description of the one-dimensional magnetic chains appearing in some
materials [258–260]. It is expected that such theoretically grounded search for unusual topological phases (or states)
of matter could help researchers in quantum physical phenomena in the field of materials science, electronics, in
quantum computer creation.

In this regard it should be also mentioned the work of Yu. F. Antonov and J. B. Danilevich [38] where the
topological approach for new type of superconductor topologial electrical machines of high power (the electric
engines and electric generators, electromagnetic couplings and DC transformers) has been considered. Here, the
local changes of superconductors phase state are considered as topological transformations taking into account that
for superconducting structures of any geometrical form and connectivity the fundamental value of quantization of
the magnetic flux as the direct consequence of rigid phase coherence remains unchanged as a topological property
of those structures.

Technical operation of such machines is provided by electromagnetic effects caused by phase transitions
accompanied by the formation of intermediate and mixed states of superconductors and movements of quantum
filaments due to the change of connectivity of superconducting circuits using a specially developed resistive-
superconducting switch.
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