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1.  INTRODUCTION

The paper [1] first formulated the idea of spatially 
separated Fermi–Bose mixture of local bosonic 
clusters or complexes (containing compact electronic 
or hole pairs) in a matrix of unpaired (Fermi-liquid) 
states to explain the mechanism of superconductivity 
and the nature of electronic transport in the normal 
state in bismuth oxides BaKBiO3.

Fig. 1 shows a scheme of the local crystal structure 
in the plane of BiO2 in the initial compound BaBiO3,  
which is a CDW-insulator with a checkerboard 
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structure of octahedra distribution BiL2O6 and 
BiO6 (left figure), and the local crystal structure  
Ba0.5K0.5BiO3 with diagonal chains of complexes BiO6,  
embedded in a large percolation cluster of octahedra 
BiL2O6 (right figure) [2]. 

Note that the emergence of long-range order and 
macroscopic wave function of the superconducting 
state in Ba1 x- Kx BiO3 is due to tunneling of local 
electron pairs from one bosonic cluster BiO6 to the 
adjacent BiO6 cluster through a tunnel barrier formed 
by normal fermionic clusters. The components of 
the Fermi–Bose mixture in the range of metallic 
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concentrations 0.37 < < 0.5x  are separated in real 
space but not separated in energy space (see more 
detailed description in [1, 2]).

Also note that the formation of metallic 
ferromagnetic nanoscale droplets in nonmagnetic 
(paramagnetic, antiferromagnetic, and charge-
ordered) dielectric matrices in magnetic oxides was 
discussed in detail in [3].

In this mini-review, we develop ideas first 
formulated in papers [1–3] for bismuth oxides and 
manganites, and generalize them to superconducting 
droplets (order parameter droplets) emerging in 
thin films of a "dirty" metal, described by a two-
dimensional Hubbard model of low electron density 
with strong attraction in the presence of strong 
random potential. 

In this system, the percolation nature of the 
insulator-superconductor phase transition is also 
interesting when forming a large cluster of branched 
droplet structures (having the shape of "trees") when 
approaching the critical electron concentration. 

In the second part of the mini-review, we analyze 
various possibilities for enhancing superconductivity 
and reducing pressure (searching for long-lived 
metastable phases) in metallic hydrogen and metal 
hydrides, related, in particular, to the more complex 
nature (chemical composition) of these compounds. 

The main new result here is the demonstration 
of the negative sign of the critical temperature 
derivative with respect to pressure, / < 0cdT dP , for 
the pressure range from 60 to 100 hPa in the triple 
hydride LaBH8. 

We also draw attention to the possible 
"persistence" of some long-lived metastable phases 
of metallic hydrogen (such as filamentary and planar 
phases) into the low-pressure region.

Along  wi th  descr ib ing  homogeneous 
superconductivity in metallic hydrogen, we analyze 
in the review inhomogeneous droplet states that 
arise near the phase boundary of the first-order 
percolation phase transition between liquid (non-
crystalline) metallic and dielectric phases. 

From our perspective, despite the conventional 
nature of superconductivity in the electronic 
subsystem of metallic hydrogen (via the Eliashberg 
mechanism), this system possesses a number of 
unusual (unique) quantum properties. 

Diagram of the local crystal structure in the BiO2  
plane of the initial compound BaBiO3, which is a 
CDW insulator with a checkerboard structure of  
BiL2O6 and BiO6 octahedra distribution (left figure), 
and local crystal structure Ba0.5K0.5BiO3 with 
diagonal chains of complexes BiO6, embedded in a 
large percolation cluster of octahedra BiL2O6 (right 
figure) [2]

We draw attention to the analogies between 
low-dimensional phases of metallic hydrogen 
and quantum crystals, both in terms of the 
Lindemann melting parameter and the de Boer 
quantum parameter, as well as in terms of possible 
"supersolidity" of metallic hydrogen with coexistence 
of Bose condensates of Cooper pairs in the electronic 
subsystem and bi-proton pairs (as in neutron stars) 
in the ionic subsystem.

2.  ORDER PARAMETER DROPLETS IN 
A LOW-DENSITY ELECTRONIC SYSTEM 
WITH ATTRACTION IN THE PRESENCE 

OF STRONG RANDOM POTENTIAL 

In papers [4–6], we calculated the properties 
of a two-dimensional electronic system with low 
electron density ( 1n  ) and strong local Hubbard 
attraction at the site | | / 1U W ³  (W  — band width) 
in the presence of strong random potential (diagonal 
disorder) V , uniformly distributed in the range 
from V-  to V+ . Electronic hops were considered 
only to neighboring sites of the square lattice with 
bandwidth = 8W t. Calculations were performed on 
a lattice 24 24´  with periodic boundary conditions.

Within the Bogoliubov–de Gennes approach, 
the emergence of inhomogeneous states of spatially 
separated Fermi–Bose mixture of Cooper pairs and 
unpaired electrons was observed, forming bosonic 
superconducting droplets of different sizes in a 
matrix of unpaired normal electronic states (see 
Fig. 2).

An important result of the work is the formation 
of a large percolation cluster with branched droplet 
structure, indicating the insulator-superconductor 
transition [4–6] at electronic densities 0.31cn » .

This result is interesting both for understanding 
the nature of phase transitions and phase diagram 
of thin films of "dirty" metal [7–9], particularly 
superconducting stripes of nanostructured aluminum 
[10], and for experimental implementation of 
superconducting flux qubits.



	 SUPERCONDUCTIVITY AND INHOMOGENEOUS STATES	 85

JETP, Vol. 166, No. 1(7), 2024 

3.  DISCOVERY OF HIGH-TEMPERATURE 
SUPERCONDUCTIVITY IN METAL 

HYDRIDES 

A breakthrough in increasing the temperature of 
superconducting transition on the path from high-
temperature superconductivity to room-temperature 
superconductivity dates back to 2014, when researchers 
from Germany, Russia, and China discovered 
superconductivity in hydrogen sulfide (H2S) [11, 12, 
13, 14, 15]. At high pressures H2S  first metallizes, 
and then at pressure = 1P  Mbar transition to a 
superconducting state with 192cT »  K takes place.

Moreover, while high-temperature cuprate 
superconductors cuprate are apparently described 
by unconventional superconductivity mechanisms 
based on electron-electron interaction, the 
superconductivity in hydrogen sulfide has a traditional 
character and is described by Eliashberg theory [16, 
17] for strong electron-phonon interaction. 

It should be noted that such high pressures in the 
range from one to several megabars can be created in 
special very heavy (multi-ton) diamond anvils. Such 
diamond anvils are available in institutes in France, 
USA, and some other countries. In our country, 
such pressures can be created at the Institute of High 
Pressure Physics of RAS in Troitsk [11].

This discovery was followed by the discovery 
of superconductivity at high pressures in H2S at 
temperature cT =203 K, coinciding with the temperature 
on the surface of Antarctica, and superconductivity in 
lanthanum hydrides LaH10 with  = 250 260cT -  K.

Finally, in 2020, superconductivity with a record 
temperature to date = 288cT  K  (+15 C ) was 
discovered in triple hydride H–C–S with hydrogen 
dominance at pressure = 2.6P  Mbar [18] However, 
this result has not found independent confirmation.

Around the same time, at the synchrotron source 
in France, the first convincing experiments were 
conducted, reliably indicating the transition of pure 
atomic hydrogen to a metallic state [19–21] at high 
pressures of about 425 hPa [22]. 

4.  FORMATION OF METALLIC 
DROPLETS NEAR THE FIRST-ORDER 

PHASE TRANSITION BOUNDARY 
BETWEEN METALLIC AND 

MOLECULAR HYDROGEN IN LIQUID 
(NON‑CRYSTALLINE) STATE

Let us now consider the possibility of droplet 
formation in metallic hydrogen. Fig. 3 shows the 

–T P -phase diagram of molecular dielectric and 
atomic (metallic) hydrogen at high pressures. Phase 
diagram contains 4 phases of molecular and metallic 
hydrogen interesting for our analysis, namely 2 
phases of solid (crystalline) molecular and metallic 
hydrogen at high pressures and low temperatures, 
and two phases of liquid molecular and metallic 
hydrogen at high pressures and high temperatures 
[11, 23].

Interestingly, with increasing temperature, the 
phase transition from crystalline to liquid phase 
for both atomic metallic hydrogen and molecular 

Fig. 1. Diagram of the local crystal structure in the BiO2 plane of the initial compound BaBiO3, which is a CDW insulator with a 
checkerboard structure BiL2O6 and BiO6 of octahedra distribution (left figure), and local crystal structure Ba0.5K0.5BiO3 with diagonal 
chains of complexes BiO6, embedded in a large percolation cluster of octahedra BiL2O6 (right figure) [2]
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(dielectric) hydrogen is a first-order phase transition 
with the formation and growth of nuclei of one phase 
within another. Note that the formation of liquid 
droplets and small "ice crystals" around positive and 
negative ions is well known in the physics of liquid 
and solid helium.

Also, at high temperatures, the transition from 
dielectric liquid phase to metallic liquid phase is 
a first-order phase transition [11]. This transition 
apparently has a percolation nature with the 
formation of a complex structure (large cluster) 
of metallic droplets within the dielectric matrix. 

Experimental confirmation of the percolation 
nature of the phase transition and the emergence of 
conductive metallic droplets comes from the shock 
wave experiments in deuterium systems [21, 24–27]. 

5.  BASIC MECHANISM OF 
SUPERCONDUCTIVITY IN METALLIC 
HYDROGEN AND METAL HYDRIDES

The phonon mechanism of superconductivity, 
enhanced due to the lightness of the nucleus (small 
proton mass) in the hydrogen atom, apparently 

Fig. 2. Two-dimensional distribution of electron density (left column), electron-hole mixing (middle column), and order parameter (right 
column) at = 0.15n  on 24 24´  lattice with disorder amplitude / = 10.0V t  [4–6]
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occurs in metallic hydrogen and in most binary and 
ternary metal hydrides, such as H2S, H3S, LaH10, 
H–C–S and others.

At the same time, in high-temperature 
superconductors based on copper-oxygen and 
in several superconducting systems with low 
electron density, the dominant superconductivity 
mechanisms are unconventional non-phonon 
mechanisms based not on electron-ion, but on 
electron-electron interaction.

Non-phonon mechanisms include, in particular, 
the mechanism based on AFM-interaction between 
copper electron spins in the famous –t J  model 
[28, 29] and Frohlich's plasmon mechanism [30–
32], based on the exchange of acoustic plasmons 
predicted by Nozieres and Pines [33].

Another basic mechanism of unconventional 
superconductivity is the Kohn–Luttinger mechanism 
[34–36], based on the presence of the Kohn 
singularity [37] (Friedel oscillations [38]) in the 
effective interaction between two electrons through 
the polarization of the fermionic background.

For metallic hydrogen, the basic mechanism 
of superconductivity is described by the theory 
of strong electron-phonon interaction within 
the framework of Eliashberg theory [39–44]. 
Calculations using Eliashberg theory by Mazur, 
Ikhsanov, and M.  Kagan [5, 6], as well as other 
groups [45–48], predict superconductivity for the 

hexagonal phase of metallic hydrogen at pressure 
= 5P  Mbar with a critical temperature in the range 

215–217 K. These calculations are in accordance 
with earlier ideas expressed by Ashcroft in the 
United States back in 1968 [49] stating that metallic 
hydrogen, due to its light nuclear mass (proton) and 
high Debye frequency, is a very promising candidate 
for achieving room-temperature superconductivity.

It should be noted that the main challenge for 
physicists, chemists, and materials scientists today 
is not so much the task of increasing the critical 
temperature, but rather the task of lowering the 
pressure and finding long-lived (even metastable) 
phases of metallic hydrogen and metal hydrides 
that are superconducting at normal atmospheric 
pressure.

Very promising in this regard are the predictions 
made by Yu.  Kagan, Brovman, and Kholas [50, 
51] back in the 1970s, suggesting that some 
low-dimensional phases of metallic hydrogen, 
particularly the quasi-one-dimensional filamentary 
phase (proton chains immersed in an electron Fermi 
liquid) could be stabilized not only at high pressures 
of several megabars but also realized experimentally 
as a long-lived metastable phase at lower pressures 
and even at atmospheric pressure. 

Theoretical estimates by Burmistrov and 
Dubovsky [52], developing the ideas of Yu. Kagan, 
Brovman, and Kholas, show, in particular, that 
for the filamentary phase, the region of long-
lived metastable states (as a local minimum of a 
thermodynamic potential) extends at least down to 
pressures of 0.1P »  Mbar. 

It should be noted that low-dimensional phases 
of metallic hydrogen, primarily filamentary and 
planar, share many common features with quantum 
crystals. In particular, they can have values of the 
de Boer quantum parameter and Lindemann's 
quantum melting parameter typical for the physics of 
supersolidity of helium quantum crystals and the ideas 
from the classical work of Andreev–Lifshitz [53].

Developing Ashcroft's ideas [54], one of the 
authors of the present paper (M. Yu. K.) [55, 56] 
proposed the idea of a possible non-trivial superfluid 
state in metallic hydrogen at high pressures, 
resembling the superfluidity of neutron stars.

In this state, the coexistence of two Bose-
condensates is possible — a condensate of Cooper 
pairs in the electronic subsystem and a condensate of 

Liquid Н2

T, K

Solid Н2

P, HPa

Fig.  3. –T P -phase diagram of molecular and atomic metallic 
hydrogen at high pressures. The phase diagram contains 4 phases 
of molecular and metallic hydrogen, namely: 2 phases of solid 
(crystalline) molecular and metallic hydrogen and 2 phases of liquid 
molecular and metallic hydrogen at high pressures [6, 11, 23]
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biprotonic pairs on one (or adjacent) chains (planes) 
in the ionic subsystem. 

It should also be noted that additional possibilities 
for pressure reduction in metalic hydrides on the 
path to technical applications of room-temperature 
superconductivity are related with chemical 
composition.

It turns out that increasing the complexity of metal 
hydride composition, and particularly the transition 
from binary to ternary hydrides [28], contributes to 
effective pressure reduction while maintaining high 
critical temperatures. 

Recently (summer 2023), South Korean 
technologists announced the synthesis of a metal 
hydride with room-temperature critical temperature 
at atmospheric pressure. Unfortunately, however, 
their results have not been confirmed by other groups. 

6.  NEW RESULTS ON METALLIC 
HYDROGEN AND METAL HYDRIDES

In this section, we briefly announce our latest 
results related to the possibility of pressure 
reduction in complex metal hydrides using LaBH8 
as an example [28]. In particular, we demonstrate 
the curve of critical temperature dependence on 
pressure with negative derivative (i.e. / < 0cdT dP )  
for the pressure range from 60  to 100 hPa in the 
ternary hydride LaBH8.

For calculations of cT  we used the the system of 
the Eliashberg equations [39, 40, 41, 42, 43, 44] with 
a correction to the electron chemical potential [57, 
58], which allows describing the enhancement effect 
for cT  when the density of states peak approaches the 
Fermi energy [58, 59, 60].

The independent variable in this system is the 
frequency ω, measured in energy units (eV). The 
dependent variables form a set { ( ), ( ), ( )}Zϕ ω ω χ ω ,  
where ϕ  is the order parameter, Z  is the electron 
mass renormalization function, χ is the chemical 
potential shift. [ ] = [ ] =ϕ χ  eV, Z  is a dimensionless 
quantity. The numerical parameters of the system 
form a set *{ , , , },cT µ µ ω  where T  is temperature, 
[ ] =T K ; *µ  is screened Coulomb potential, *[ ] = 1µ ;  
µ is the chemical potential of electrons (we assume 
it equal to the Fermi energy FE ), [ ] =µ  eV; cω  is 
the effective energy range of Coulomb interaction 
(usually we take 3 Dω , where Dω   — Debye 
frequency). Functional parameters: 2

0{ ( ), ( )}F N Eα ω ,  

where 2 ( )Fα ω  is the Eliashberg function; 
0( ) = ( ) / (0)N E N E N  is the normalised electron 

density of states, where ( )N E  is the density of 
states, (0)N  is the density of states at the Fermi 
level. Functions 2 ( )Fα ω  and 0( )N E  are given in 
tabulated form and were calculated in advance 
using density functional theory implemented in 
the Quantum Espresso package [61]. This work 
used Optimized Normconserving Vanderbilt 
Pseudopotentials (ONCVPSP) version 0.4.1  [62] 
and the PBE exchange-correlation functional. The 
EPW program was used to calculate the Eliashberg 
spectral function for interpolation of the electron-
phonon matrix using Wannier functions [63].

To solve this system on the frequency axis, a grid 
of positive Matsubara frequencies is chosen 

=0{ = (2 1)} ,M
n nkT nω π +

where [0, ]n MÎ , and variables { ( ), ( ), ( )}Zϕ ω ω χ ω  
are calculated on this grid: =0{ , , }M

n n n nZϕ χ . The 
system of equations in this case has the form  

( )( ) *

=0
= { 2 }

M

n nm c m m m
n

Nπϕ λ µ θ ω ω ϕ
β

+ - - ×å

	 ( )

=0

1= 1
M

n nm m m m
n m

Z Z Nπ λ ω
β ω

-+ ×å 	 (1)
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=0
= { 2 }

M
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m
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β

+- - - ×å
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2

2 2
0
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(2 )

D

B
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[ ] =mN  eV 1,-  mP  is a dimensionless quantity.
The desired quantity, which determines the 

superconducting transition temperature cT , is 
0 0 0= ( ) / ( )Z∆ ϕ ω ω , with the dimension of eV ( cT  is 

determined from the condition 0( ) = 0T∆  at cT T³ ).
The calculation results for cT  of the triple hydride 

LaBH8, performed for various pressures, are shown 
in Fig. 4, and the reduced density of states 0( )N E  — 
in Fig.  5. The calculations were carried out in 
the pressure range from 60 to 100 hPa. For lower 
pressures, this compound may be unstable. The 
calculations were performed using two methods: by 
solving the "classical" Eliashberg equation system, 
which does not take into account the correction 
to the chemical potential of electrons, and the 
electronic density of states is not present in the 
equations (see, for example,  [64]), and by solving 
system (1). The calculations were performed for 

= 0.09, = 0.25Dµ ω  eV and = 18M  (i.e., 19 positive 
Matsubara frequencies were taken).

The decrease in cT  with increasing pressure, 
starting from 80 hPa, was shown by both methods. 
The decrease in cT , and even in a larger pressure 
range, is also shown by the results of [28] (and the 
result of [65] agrees well with our calculations). 
Taking into account the correction to the chemical 
potential of electrons gives an increase in cT  for all 
pressures. This increase is caused by the presence 
of a broad peak in the density of electronic states, 
localized at a distance of the order of Debye energy 
from the Fermi level (see Fig. 5). The behavior of 

0( )N E  at energies greater than Dω , practically does 
not affect the value of cT . With decreasing pressure, 
there is an increase in this peak and, accordingly, an 
increase in the calculated value of cT .

7.  CONCLUSION

Hopes for the implementation of room-
temperature superconductivity and its technical 
applications require the search for stable or 
metastable phases of metallic hydrogen and metal 
hydrides that are superconducting at lower pressures. 
The pressure reduction may be associated with 

P, hPa

Fig.  4. Calculated dependence of Tc on pressure for LaBH8, 
calculated in various ways: 1 – solution of system of equations (1); of 
2 – solution of Eliashberg equations without correction to electron 
chemical potential; 3 – results from [65]; 4 – results from [28]

E, eV

Fig. 5. Normalised density of states 0( )N E  for LaBH8, calculated for 
different pressures: pressure values in hPa are indicated next to the 
curves. Zero energy corresponds to the Fermi level

both the increasing complexity of metal hydrides' 
chemical composition and the "dragging in" of 
low-dimensional phases of pure metallic hydrogen 
(primarily filamentary and planar) in the region of 
metastable long-lived states at atmospheric pressure 
as a local minimum of the thermodynamic potential 
due to the time-consuming processes of quantum 
nucleation when tunneling through a high barrier 
in configuration space. As a first result towards 
implementing the task of pressure reduction in metal 
hydrides, we demonstrate the negative sign of the 
derivative / < 0cdT dP  for the pressure range from 
60 to 100 hPa in the ternary hydride LaBH8.
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The physics of inhomogeneous droplet structures 
in percolation phase transitions between dielectric 
and conducting phases of liquid molecular and 
liquid metallic hydrogen, as well as the dielectric-
superconductor transition in low-density electronic 
systems with attraction and "dirty" metallic films 
[7–9], is of great interest not only for astrophysical 
observations [20, 25, 66] and shock wave 
experiments in extreme states of matter, but also for 
superconducting nanoelectronics [10] and possible 
superconducting implementation of quantum 
computing. 
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