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Abstract — Recently room temperature superconductivity with Tc = 15 degrees Celsius has been
discovered in a pressurized complex ternary hydride, CSH, which is a carbon- and hydrogen-doped
H3S alloy. The nanoscale structure of HsS is a particular realization of the 1993 patent claim of
superlattice of quantum wires for room temperature superconductors and the maximum T¢ occurs
at the top of a superconducting dome. Here we focus on the electronic structure of materials
showing nanoscale heterostructures at the atomic limit made of a superlattice of quantum wires
like hole-doped cuprate perovskites, and organics focusing on A15 intermetallics and pressurized
hydrides. We provide a perspective of the theory of room temperature multigap superconductivity
in heterogeneous materials tuned at a shape resonance or Fano resonance in the superconducting
gaps near a Lifshitz transition focusing on H3S where the maximum T¢ occurs where the multiband
metal is tuned by pressure near a Lifshitz transition. Here the superconductivity dome of T vs.
pressure is driven by both electron-phonon coupling and contact exchange interaction. We show
that the T¢ amplification up to room temperature is driven by the Fano resonance between a
superconducting gap in the anti-adiabatic regime and other gaps in the adiabatic regime. In these
cases the T amplification via contact exchange interaction is the missing term in conventional

multiband BCS and anisotropic Migdal-Eliashberg theories including only Cooper pairing.

Copyright © 2021 EPLA

Introduction. — Superconductivity was discovered in
1911 in a pure elemental metal at a temperature close to
zero Kelvin and it was explained by pairing mediated by
electron-phonon interaction [1-3]. Today, after 110 years,
a ternary hydride CSH, [4] at P = 265 GPa with the su-
perconducting critical temperature T = 15 degrees Cel-
sius has been discovered. The CSH, alloy is the outcome
of the material research focusing on chemical doping [5-7]
of pure H3S [8,9]. While the structure of Hs3S and its vari-
ation with pressure is well established [10,11] the struc-
ture of CSH,, is still object of research [12]. It has been
shown [13,14] that H3S is made of a 3D heterostructure
of one-dimensional (1D) hydrogen wires which is shown in

() E-mail: antonio.bianconi@ricmass.eu (corresponding author)

fig. 1. This is a practical realization of the heterostruc-
tures at atomic limit formed by a superlattice of quantum
wires described in fig. 5 of the claims in the 1993 patent
shown in fig. 1 [15,16] for room temperature supercon-
ductors (RTS) driven by shape resonances [17-20]. In this
proposal for the mechanism of RT'S both the internal pres-
sure, due to lattice misfit between nanoscale modules, and
the external pressure are used to tune the chemical poten-
tial in the proximity of Lifshitz transitions for strongly
interacting electrons [21,22]. In HsS the external pressure
tunes the compressive strain of short H-H bonds in the
wires, and the long bonds, between wires up to reach the
optimal strain for the maximum of T¢ at the top of a
superconductivity dome, as shown in fig. 1. Ashcroft [23]
suggested to search for room temperature superconductors
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Fig. 1: Panel (a): the heterostructure of superconducting wires
(21) embedded in the spacer material (22) presented in the
claim of the patents [15,16] for realization of room temperature
superconductors made of superlattices of quantum wires. Panel
(b): the nanoscale structure of HsS [10,11] with the Im3m sym-
metry formed by two sublattices: the hydrogen wires (green
dots) and the SH spacers. The figure shows only the sublat-
tice of hydrogen wires in the (101) planes embedded in the SH
spacer material. Panel (c¢) shows the compressive strain of the
lattice as a function of pressure from the structural transition
at 103 GPa. The compressive strain at 160 GPa is 4 percent.
Panel (d) shows the critical temperature of H3S and the CSH,,
hydrides as a function of pressure [4,9,11].

by applying external pressure to composite hydrides made
of hydrogen nanoscale modules where the bond lengths are
already compressed by internal chemical pressure due to
misfit strain in a nanoscale heterostructure.

Hole-doped cuprate perovskites. — The correlated
disorder in quantum complex matter has been unveiled
in these last two decades by novel imaging methods
using nanoscale X-ray diffraction [24-28] and XANES
or EXAFS methods of X-ray spectroscopy probing lo-
cal and fast fluctuations [29,30] showing the forma-
tion of puddles of superlattices of quantum stripes [19].
Nanoscale inhomogeneity is controlled in hole-doped
cuprate perovskites [20,31-36]. The critical temperature
at ambient pressure is controlled by both misfit strain
(¢) between nanoscale modules and hole doping § giving
the 3D phase diagram T¢ (0, €), which is shown in fig. 2.
High pressure shifts the doping values for the maximum
critical temperature Tc = 160K [37]. The structure of
cuprate perovskites is made of active metallic 2D CuOa
atomic layers intercalated by insulating spacers. The
band structure for a single flat undistorted CuOs layer
has been calculated assuming only Cu-O b;4-orbitals in
the average crystal lattice, but complexity appears due
to non-stoichiometry and nanoscale phase separation in
the proximity of a electronic topological Lifshitz transi-
tion or a metal-insulator transition (MIT) with magnetic
or charge-density wave short-range puddles. Therefore,
the superstripes scenario has been proposed, where the
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Fig. 2: The superconducting dome for all cuprate hole-doped
superconductors belonging to many cuprate families. The crit-
ical temperature T¢ is plotted as a function of doping, the num-
ber of holes for the Cu site, and strain, e = 100(Ro — R)/Ro,
where R is the average (Cu—O) bond length and Ry = 197 pm,
due to misfit between CuO; layers and rock salt oxide layers.
Tc = 130K at the top of the dome is reached at the optimum
strain, 2 percent, and doping 3/16.

nanoscale electronic structure made of i) puddles of or-
dered 1D chains of oxygen interstitials, ii) U stripes of
undistorted CuO lattice intercalated by D stripes of dis-
torted lattice, iii) incommensurate lattice modulation due
to misfit strain, iv) charge density waves puddles, v) spin
density wave domains, make the actual electronic struc-
ture at nanoscale very different from the band structure
for a homogeneous lattice. The strained and pressurized
hole-doped cuprates show complex nanoscale heterostruc-
ture made of nanoscale 1D chains (or stripes) which can be
driven toward the maximum of a superconducting dome
by pressure and doping. Nanoscale phase separation is a
universal feature which appears in vanadates at a metal-
to-insulator transition [38,39] and near a Lifshitz transi-
tion in diborides [40-43]. Phase separation controlled by
misfit strain and doping has been observed also in iron-
based superconductors [44,45]. In this work we focus on
extrinsic 3D lattice fluctuations forming networks of 1D
chains while the majority of the research efforts in high-T¢
superconductivity was addressed to intrinsic effects, like
pseudogap, strong electronic correlation, superconducting
fluctuations, quantum critical points for a single electronic
components in a rigid lattice.

A15 alloys. — The A15 superconductors, among which
V3Si and NbsSn are the most known, have the Im3m lat-
tice symmetry similar to the high-pressure phase of metal-
lic H3S. The semiconductor atoms (group III-IV elements
Si, Sn, Ga, Ge, In, etc.) form a body centred cubic (bcc)
lattice in which the metal atoms (V,Nb, Cr, Mo, ...) form
perpendicular one-dimensional chains. The DOS at Ep is
dominated by the metallic sites, and in the 1970s it was
much discussed that the electronic structure was made up
by the 1D chains with very little interchain coupling and
only minor coupling to the elements in bec lattice [46].
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The DOS would then take an essentially 1D shape with
singular peaks at the van Hove extremes of the d-bands.
The idea was that the electron filling could put Er close to
the high DOS peaks, and since the high N(EFr) makes the
electron-phonon coupling A large. This 1D model gives a
plausible explanation for the high T that was observed
among the A15’s at the time, i.e., just above 20 K. The
1D composition of the electronic structure of such a rela-
tively complicated material as the A15 compound seemed
very instructive since many physical mechanisms could be
clarified without the support of heavy band structure com-
putations. Later with the development of band structure
methods and computers the scientific community accepted
the dogma that the electronic structures of the A15 mate-
rials could not be reduced to the 1D chains [47-50]. The
results from different methods showed indeed DOS peaks,
but also that the correct DOS shape depends on band
interactions between chains as well as on the interaction
between chains and the bee positioned atoms. In fact, the
correlation between calculations of electron-phonon cou-
pling and T based on the band structure fits well with
the experimentally observed T¢’s [51,52]. Calculations for
V3Si have shown four pieces of Fermi surface with shapes
in agreement with the results from angular correlation
of positron annihilation [53]. The interchain and chain—
to—bcce-lattice interactions are not the most important in-
teractions, but it was clear that essential features of the
electron structure were missing if not all interactions were
taken into account. This is evident from the fact that the
DOS of the A15’s with metallic elements (Ir, Pt, Au,...)
on the bcec lattice is different from the DOS with semicon-
ductor atoms on the bee positions [54]. The atoms on the
bee lattice are sufficiently close to the metal chains, and
the s-p-orbitals are sufficiently extended to overlap and
hybridize with the d-orbitals on the metal sites and to de-
stroy the 1D band that might come from un-hybridized
d-states on the chains. The other group of Al5 super-
conductors, with heavy 5d metal atoms on the bcc lat-
tice, could be believed to have less hybridization with
the chains, since the reach of d-states is shorter than for
s and p ones. However, the 5d band is filled and deep below
Er, and the DOS at Er contains a considerable amount
of 6s- and 6p-character. The general shape of the DOS
is different from the first group of A15’s with Er moved
upwards because of the enhanced valence band filling, but
it is not like a 1D DOS. The stability of the A15’s with 1D
chains might be due to s- and p-states on the bcc lattice,
but any 1D band structure is effectively washed out by
hybridization. So-called canonical band calculations done
for the V-d bands only (all 3-d on the 6 V atoms), i.e.,
no hybridization with anything else, not even with s or
p on the V atoms themselves [49], show no pronounced
structure for the pure V-d DOS, no sharp peaks, so it did
not resemble the true hybridized d-DOS nor the 1D DOS
model. This shows that even (d-)hybridization between
the chains is sufficient for making the band structure 3D
in the A15’s. The importance of pressure and strain for

the stability and appearance of charge density waves in
A15 compounds was noticed in the 1970s [55,56]. Recently
new light has been shed by experiments on A15 supercon-
ductors and related materials showing remarkable struc-
tural instability [57], short-range charge density waves and
nanoscale phase separation [58-61] near a Lifshitz transi-
tion for overlapping bands in the presence of electron cor-
relations and small Fermi surface hot spot where Migdal
approximation breaks down [21,22].

Hj3S hydride. — The high-pressure phase of H3S is per-
haps not so exotic compared to that of A15’s and other
high-temperature superconductors since the 3D character
remains over a large energy range of large portions of the
Fermi surfaces, but it shows overlapping bands with quasi-
1D features appearing in particular narrow energy regions
and in particular hot spots of a small Fermi surface near
the Fermi level. The unusual feature of hydrides is the
light hydrogen ion mass. It makes the phonon frequency
and the vibrational amplitudes of optical modes, involving
H ions, very large. The popular method for calculation of
A and T in transition metals and their compounds (A15,
etc.) was applied to H3S before it was synthesized under
pressure (P), and despite many uncertainties along the
computations it correctly predicted a very high T [8].
Other calculations, where strong coupling is included
through the McMillan parametrization [3] of Eliashberg
solutions, confirmed these results [13,14,62,63]. Retar-
dation via electron-electron interaction enters through p*
in these calculations. The single-band Eliashberg theory
with phonon-mediated superconducting mechanism leads
to high T with high phonon frequency although A is not
very large. The contribution to A from S ions turns out
to be comparable to that from H, mainly because of the
larger DOS on S. Still, the DOS at Er per atom is much
lower in H3S than in good transition metal compounds,
like the A15’s, which emphasizes that the high phonon fre-
quencies of hydrogen compounds push T¢ to large values.
The total band width is large, and it widens more with
P, cf fig. 3. The DOS is therefore expected to diminish
with P, but charge transfers make Er closer to the peak
in the DOS at higher pressure so that N (Er) is highest for
a = 5.6 a.u. Orbital overlap and s-to-p hybridization goes
up with pressure, and this is favourable to larger dipole
matrix elements in A. One might conclude that the high
Tc of H3S can be understood from this, quite standard,
type of calculations. But flat bands contribute to the high
and narrow DOS peak at Ep.

The low mass of H also makes the vibrational ampli-
tudes (u) large. At low temperature the zero-point mo-
tion (ZPM) makes (u) = 3hw/K, where K is a force
constant. The amplitudes increase at large T (“thermal
disorder”) and becomes proportional to 3kpT /K at high
T. One can estimate that (u) approaches 10 percent of
the H-H distance at low T [14]. This is much more than
in common transition metal compounds (about 2 per-
cent), and the electronic structure calculations have to
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Fig. 3: Upper panel: the total DOS for H3S with variable
lattice constants between 5.6 and 6.2 a.u.. Lower panel: the
DOS for H3S for a cubic 64-site supercell. The (blue) thin
line is the DOS for the perfectly ordered cell. The (red) heavy
line shows the DOS for the disordered cell with us = 0.01a
and upg = 0.033a. This disorder corresponds to the zero-point
motion (ZPM) for S while the disorder for H is less than the
ZPM. From ref. [14].

take this into account. The real lattice is disordered. The
Madelung potential —a classical variable— is not the same
at every H-site, and the electronic structure —a quantum
product— will be different for the disordered lattice com-
pared to the perfectly ordered lattice. This can be seen
in the physical properties in fcc Ce, FeSi, purple bronze,
etc. [64-67], although (u) are much smaller than in H3S.

In view of the large disorder of H in H3S one might ex-
pect that the DOS peaks calculated for the ordered lattice
will be washed out by disorder. However, the calculation
for supercells of disordered HygS16 show no drastic reduc-
tion of the DOS peaks compared to that of the ordered
supercell, see fig. 3. The reason is that a large amount
of the DOS at Er comes from S atoms with larger mass
and smaller (u). Moreover, the states on H are s-states,
which are loosely bound to the nucleus and will not easily
follow the movement of the atom. On the contrary, d- and
f-states in transition metals, Ce, etc., are tightly bound
to the nuclei and more sensitive to lattice distortions. An-
other effect from disorder in H3S is that Er appears to
move relative to the (wider) DOS peak compared to the
ordered case.

The band structure of H3S is very wide, about 2 Ry
for the valence bands with high band dispersion for most
bands below Ep (mainly S s and p). Effects of energy-
band broadening in these parts of the k-space are less im-
portant. Flat bands are sensitive to disorder, especially

at van Hove singularities. Small hole or electron pock-
ets (containing s- and p-states on H and p- and d- on S)
around these points of the k-space are expected to show
fluctuations controlled by the ZPM. As was discussed
above, increased hybridization within the flat bands can
compensate for the wider and less peaked DOS through
larger A\, and the T¢’s are almost the same for the ordered
and disordered supercell.

The pressure variation of T according to the Lifshitz
scenario depends sensitively on how the flat bands behave
close to Er. However, a simple scaling of the bands as
a function of P leads to T¢ variations through 3 main
channels: 1) the dipolar matrix element I (A = 1\]}5)2) goes
up with P because of increasing s-, p-, d- and f-admixture
at Ep; 2) the phonon frequency w goes up with P (it
is proportional to the square root of the bulk modulus);
3) the total DOS N goes down with P. Thus, T¢ should
go up because of point 1), and down because of point 3).
Point 2) gives two opposite effects: the w-prefactor in the
Tc equation has a positive effect as a function of P, but
w? in the denominator of A has a strong negative effect,
especially at high P when the lattice is increasingly stiff.
This is seen as a saturation of the calculated T at the
highest P [14]. Disorder is real at all P, even if it is
relatively less important when the lattice becomes very
stiff. The widened DOS peak near Er due to disorder
implies an improved stability for T, and a boost of T
is possible if the position of Er relative to the peak can
be optimized. Hence, one should increase N(Er) through
weak electron doping according to the DOS for disordered
lattice, and not by hole doping as would be suggested from
the DOS for perfectly ordered HsS.

The superconducting dome at a Fano resonance.
— Following the experimental evidence for the presence
of weakly interacting stripes in hole-doped cuprate per-
ovskites [18,19] the Bianconi-Perali-Valletta (BPV) theory
was proposed [68-72]. It is based on the solution of the
Nikolai-Bogoliubov gap equation for a multigap supercon-
ductor which includes the interference between all pair-
ing channels in the space of configurations following the
quantum mechanics formulation of Wentzel [73] and Feyn-
man [74]. In this formulation the interference between
scattering channels in the space of all configurations is the
outcome of the calculation of the probability amplitude as-
sociated with an entire motion of a particle as a function of
time while the Heisenberg and Schroedinger formulation
calculate simply the position of the particle at a partic-
ular time. The Wentzel and Feynman approach includes
the interference between scattering channels in the space
of all configurations which is the outcome of the calcula-
tion of the probability amplitude associated with an entire
motion of a particle as a function of time, while the Heisen-
berg and Schroedinger formulation calculates simply the
position of the particle at a particular time. The non-
locality of the quantum wave function plays a key role.
In this formulation, inspired by the Hamilton principle in
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classical mechanics, this formalism of quantum mechanics
predicts the quantum configuration interaction between a
first closed scattering channel and a second open scattering
channel which gives a Fano resonance [75] with its char-
acteristic asymmetric line shape. The Fano line shape,
of the resonance, associated to the negative and posi-
tive interference, is the smoking gun which validates the
realization of quantum interference. These fundamental
quantum interference phenomena due to configuration in-
teraction between closed and open scattering channels are
called i) Fano resonance in atomic physics [76], ii) shape
resonance in nuclear physics and in multigap superconduc-
tivity at Lifshitz transitions [68,71], Feshbach resonance in
ultracold gases [77].

The emergence of these quantum mechanical reso-
nances, called here Fano resonance, between different pair-
ing channels is not included in the BCS theory for a single
band [1] or for overlapping bands [78] as well as in the
Migdal-Eliashberg [2] theory for isotropic and anisotropic
superconductivity. The BPV theory in multigap super-
conductors predicts the maximum critical temperature by
tuning experimentally pressure, strain or charge density
to drive the chemical potential at a Fano resonance be-
tween i) the pairing scattering channel, called the closed
channel (c), and ii) the pairing scattering channel, called
open channel (0). The closed channel (c) forms a Cooper
pair in the BEC-BCS crossover regime in the hot spot of
the small Fermi surface, appearing at the Lifshitz transi-
tion, at the border of the anti-adiabatic regime, where the
low Fermi energy Ep. is of the order of the pairing in-
teraction energy wg. The open channels (o) form Cooper
pair in the BCS regime in the large Fermi surfaces with
very high Fermi energy Er, much larger than the pairing
interaction energy wg. The Bogoliubov equation for the
gaps is solved together with the density equation which
allows the variation of charge superfluid densities in each
Fermi surface spot following the opening of different gaps
in different Fermi surface spots. At the Fano resonance the
quantum interference effects are controlled by the contact
exchange interactions given by the overlap of the pair wave
functions, i.e., the exchange interactions between pairs in
different bands which can be attractive or repulsive like in
nuclei where the repulsive exchange interaction gives the
Heisenberg force, and the attractive exchange interaction
gives the Majorana force.

The key idea of the BPV theory is to calculate the
exchange contact interaction (neglected in standard BCS
theories) between two coexisting condensates in different
Fermi surface spots by the overlap of the wave functions.
Therefore the wave functions of electrons are calculated
by solving the Schroedinger equation [79] or the non-
relativistic Dirac equation including spin-orbit interac-
tions [80] within a narrow energy range around the Fermi
level of the order of few times the energy cut-off of the
electron-phonon pairing interaction.

We propose the material design of a heterostruc-
ture of quantum wires showing room temperature

superconductivity which reproduces the actual van Hove
singularity at the Lifshitz transition calculated by band
structure calculations of H3S. We start from the results on
the Fano resonance in the high-T superlattice of quan-
tum wires proposed by Mazziotti et al. [79] to simulate
organic superconductors [81,82]. We look for the theoret-
ical prediction of the room temperature superconducting
dome like in CSH,. In the heterostructure of quantum
wires the electrons along the z-direction are free, while
along the z-direction they see a periodic potential V(z)
forming quantum n subbands characterized by quantized
values of the transverse moment and the band index. The
size of superconducting wires L and of intercalated spac-
ers W form a periodic potential with period d = W + L
and potential amplitude V. We consider a case of weakly
interacting wires with a period comparable to the super-
conducting correlation length, and the Fermi wavelength
with L =850 A, W =5.50A, V = 4.16 meV, which gives
a band dispersion in the transversal direction due to elec-
tron hopping between wires AE = 142meV. The super-
conducting non-dimensional coupling constant g, for the
three-band system has a matrix structure that depends on
the band indices n and n’. We choose the effective mass
in the well m,, = 0.86, equal to the effective mass in the
free z-direction, while m; = 1.0 on the barrier. Following
ref. [79] we have selected the intraband coupling in the
lower two subbands g;; = 0.1 and a weak interband cou-
pling constant g;; = 0.1. The theoretical superconducting
dome at the Fano resonance is obtained by changing the
coupling g = ¢33 in the third subband, appearing at the
Lifshitz transition in the range 0.1 < g < 0.49 and the soft-
ening of the renormalized cut-off energy, Wy, as a function
of the increasing pairing constant g according to Migdal
relation [2]

uNJ() = Wo\/ 1— 2g,

with wg = 230meV so that &g = AE for g = 0.3. The
above relation stems from the screening effect of the elec-
trons in the phonon propagator which was derived for a
Fermi gas, we use here to qualitatively estimate the effect
of the phonon softening frequency with increasing cou-
pling constant approaching to the Lifshitz transition for
the appearing of the third Fermi surface.

The calculated superconducting dome is shown in fig. 4
where the critical temperature is plotted as a function of
the coupling ¢ in the third subband and of the Lifshitz
parameter 7. The yellow (green) dashed cut of the dome
in fig. 4 is obtained with the fixed coupling g33 = 1/4
(933 = 1/3) reaching the maximum T = 203K (287.7K)
as observed in SHs (SC,H,). The T¢(n) curves, cuts
of the dome in fig. 4, are shown in fig. 5. The plot of
log(T¢) shows that, increasing gss, the maximum of T¢
increases in the range 0.5 < n < 1, at the 2D-1D dimen-
sional crossover, while the minimum of log(7¢) is around
n ~ —0.5 decreases in agreement with the trend of the
Fano resonance profile in the antiresonance regime.
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Fig. 4: The 3D phase diagram of multigap superconductivity
in a superconducting superlattice of quantum stripes where the
chemical potential is tuned to a Fano resonance which simulates
room temperature superconductivity in sulphur hydrides su-
perconductors. The critical temperature T¢ calculated by BPV
approach is plotted as a function of i) the electron-phonon cou-
pling g = g33 in the upper subband in the range 0.1 < g < 0.49
and ii) the Lifshitz parameter n given by the energy separa-
tion between the chemical potential p and the position of the
Lifshitz transition Er, normalized to the transversal energy
dispersion AFE. 7 is tuned in the range —0.5 < 1 < 3. The yel-
low (green) dashed line represents the cut of the dome Tc(n)
for constant gs3 = 0.25 (0.33) coupling.
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Fig. 5: The curves of Tc(n) vs. n at constant coupling in the
upper subband g = 0.33 and g = 0.25 obtained by cuts of
the 3D dome shown in fig. 4 in the linear (panel (A)) and log
(panel (B)) scale reaching the maximum T¢ of CSH,. and HsS,
respectively. The asymmetric Fano line shape of the resonance
is shown in the log plot by the antiresonance for n ~ —0.5
at the Lifshitz transition for the appearance of the new Fermi
surface.

Conclusions. — This work shows that a nanoscale su-
perlattice of stripes made by strain or dopants [4] could
be a generic feature in organics, perovskites, and pres-
surized hydrides like H3S and CSH,, where the chemical
potential is close to a Lifshitz transition [83,84]. We have
shown that room temperature superconductivity in the
weak coupling regime is possible in multigap supercon-
ductors by optimization of the electron-phonon coupling
in hot spots and tuning the contact exchange interaction

between condensates. This work opens new perspectives
to develop new quantum complex materials including Ma-
jorana fermions [85] which open new venues to quantum
devices. Experimental advance in yttrium hydrides su-
perconductors [86] has shown notable departures of the
superconducting properties from the conventional Migdal,
Eliashberg and BCS theories [87], which indicate the pres-
ence of an additional mechanism of superconductivity
which is identified here as the contact exchange interaction
in the Fano resonances.
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