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A B S T R A C T

The very concept of high-𝑇c superconductivity has originated from the discovery of superconductivity in
copper oxides by Bednorz and Müller in 1986. Soon after their discovery, cuprates were recognized as
undoubtedly complex and radically unconventional superconducting materials, and research to understand
the origin of superconducting phase has since then mainly focused on the strong-correlation aspects of these
compounds, whereas the role of the electron–phonon coupling has been mostly ignored by much of the
scientific community. Nowadays, however, thanks also to the steady later research of K.A. Müller, the presence
of a relevant role of the electron–phonon coupling, in a unconventional scenario, has been assessed. Due to the
small carrier concentration, and hence to the small Fermi energies, one of the concepts that needs to be revised
in these compounds is the assumption of adiabaticity. In this contribution we summarize the main directions
followed in this field for defining a microscopic theory of superconductivity in the nonadiabatic regime. The
differences of such analysis with respect to a polaronic scenario are also discussed, as are some complementary
paths of investigation of the complex many-body electron–phonon problem in different physical regimes.
1. Introduction

The discovery by Bednorz and Müller of unconventional supercon-
ductivity in cuprates [1] was a huge breakthrough in physics, not only
for the high critical temperatures reported (𝑇𝑐 ≈ 35 K in La1−𝑥Ba𝑥CuO4
in 1986 [1], soon followed by 𝑇𝑐 ≈ 90−100 in [2,3]), but mostly because
it contradicted the common believes in the field, thereby opening new
perspectives in the search for superconducting materials. Before that
event, indeed, improvements in superconducting properties in new
compounds were quite slow and there was a general consensus that
the available materials were already close to the highest theoretically
achievable 𝑇max

𝑐 ≈ 25 − 30 K . The search for new superconducting
materials was also inspired by the empirical Matthias rules:

∙ high symmetry is good; cubic the best;
∙ high density-of-states is good;
∙ stay away from oxygen;
∙ stay away from magnetism;
∙ stay away from insulators;
∙ stay away from theorists.

The discovery of superconductivity in cuprates broke many of such
guidelines, implying that the superconducting phase in these materials

∗ Corresponding author.
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was truly unconventional and that some novel actor was probably
involved in the pairing mechanism.

After almost forty years, a microscopic description of the origin of
superconductivity in cuprates is still lacking and under debate. The
very concept of Cooper-BCS pairing has been questioned in favor of
more exotic scenarios, like correlation-driven pairing [4–9], proximity
to a quantum-critical-point [10–15], Bose–Einstein condensation of
preformed Cooper pairs [16–18] or other mechanisms [19–22]. The
complex phase diagram of cuprates, displaying several unconventional
and not fully understood features, provided a wide playground where
many physical processes were proposed as potential key actors for the
superconductivity.

Within this scenario, it is interesting to keep in mind the basic ideas
that guided Alex Müller towards the discovery of high-𝑇c supercon-
ductivity in cuprates. It should be reminded indeed that, although the
choice of copper oxides as superconducting candidates clearly broke the
perimeter of Matthias rules, at that time he was looking for compounds
where the electron–phonon coupling could profit of the low metallic
character [23]. Since then, he was always convinced that the electron–
phonon coupling was playing a main role in the superconducting
phase, of course in a more complex framework than the conventional
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Fig. 1. Uemura’s plot, displaying the superconducting critical temperature 𝑇c as a function of the estimated Fermi energy 𝐸F, for a variety of compounds, including conventional
uperconductors (black squares) and unconventional materials (different colored symbols as specified in the legend).
w
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uperconductors described by Eliashberg’s theory. Such belief, shared
nitially with only few other groups, was for long time opposed by a
ominant mainstream that saw the electronic correlation as the key
ngredient responsible for superconductivity. Nowadays, evidences that
he electron–phonon coupling plays a crucial role in the pairing are
obust and doubtless. However, what is the ‘‘spice’’ that brings the
lectron–phonon coupling in the high-𝑇c regime is still under debate.

The years after the Bednorz–Müller discovery were very rich in
erms of new discoveries. Very soon, superconductivity with 𝑇𝑐 ≈ 30−40

in bismuthate perovskites and in alkali-doped C60 was reported [24–
26]. Later on, MgB2 and iron-based pnictides joined the family of un-
conventional superconductors [27,28], until the recent observation of
almost room-temperature superconductivity in the high-pressure phase
of H3S and other hydrogen-rich compounds [29–31]. The widening
of the unconventional superconducting materials, rather than adding
complexity of the scenario, can be viewed as an opportunity for pinning
down the key ingredient of high-𝑇c superconductivity, according the
Occam’s razor principle. Along with this perspective, one can reason-
ably ask the basic question - what is the unconventional feature that is
shared by many compounds so different, as cuprates, bismuth perovskites,
iron-based pnictides, doped fullerenes and magnesium diborides? -

A fundamental piece of information was provided already in the
arly 90s by the seminal papers of Uemura’s group [32–34], where
he Fermi energies 𝑇F [35] of several different superconducting families
ere experimentally estimated and correlated with the superconduct-

ng critical temperature 𝑇c. Such analysis, which has become known
s ‘‘Uemura’s plot’’ and which has been updated over the years with
ewly discovered compounds [36,37], shows that all the unconven-
ional materials (including low-𝑇c but anomalous superconductors, as
15, heavy-fermions and Chevrel phases) lie in a completely different
egion than the standard BCS-like materials. A recent update of the
emura’s plot, including superconducting materials later discovered
s MgB2, pnictides and hydrides, is displayed in Fig. 1. More specif-
cally, all unconventional superconductors seem to be characterized
y remarkably small Fermi energies 𝑇F, of the order to few tenth of
Vs, or even smaller. Such observation suggests that the small Fermi
nergy can be a positive crucial physical characteristic paving the way
or unconventional high-𝑇c superconductivity. This point of view is

rather ground-breaking perspective since within the standard BCS
ramework a low amount of metallic character is detrimental for the
uperconducting pairing. According to the Authors, the next question
hat is prompted by the analysis of the Uemura’s plot is the following
within which context a small Fermi energy can play a positive role for the
2

superconducting pairing? - The answer to such question led to a detailed
microscopical analysis of nonadiabatic processes triggered by a small
Fermi energy and to the definition and formalization of a Nonadiabatic
Theory of Superconductivity [36,38–58].

2. Nonadiabatic processes

From a general point of view, neglecting the spin degree of freedom
(which does not play a relevant role in the present context), the
standard textbook Hamiltonian for the electron–phonon interaction can
be written as [59]:

𝐻 =
∑

𝐤
𝜖𝐤𝑐

†
𝐤𝑐𝐤 +

∑

𝐪
𝜔𝐪𝑐

†
𝐪𝑐𝐪

+
∑

𝐤,𝐪
𝑔𝐤,𝐪𝑐

†
𝐤+𝐪𝑐𝐤

(

𝑎𝐪 + 𝑎†−𝐪
)

, (1)

here 𝜖𝐤 describes the electronic band dispersion, 𝑔𝐤,𝐪 is the electron–
honon matrix element and 𝜔𝐪 are the phonon frequencies.

Note that the electron–phonon physics is determined by the balance
f three energy scales: the characteristic phonon frequency range 𝜔ph,

the electron dynamics ruled by the Fermi energy 𝐸F, and the magni-
tude of the electron–phonon matrix element 𝑔 ≈ 𝑔𝐤,𝐪. Conventional
superconductors are usually good metals, characterized thus by sizable
Fermi energies 𝐸F, usually of the order of eVs, much larger then the
typical phonon frequencies 𝜔ph, which typically extend up to a few
tens of meVs. They therefore lie in the so-called adiabatic regime,
where 𝜔ph∕𝐸F ≪ 1. This situation is particular convenient from a
theoretical point of view because the complex many-body problem of
electrons interacting with a retarded bosonic degree of freedom greatly
simplifies as a consequence of the so-called Migdal’s theorem [60],
which showed that, in the limit 𝜔ph∕𝐸F ≪ 1, vertex diagrams can be
neglected, enforcing thus an effective mean-field-like theory (Fig. 2).
Such approach has led to the construction of the powerful Eliashberg
theory, which has been proven to describe at a quantitative level
the physical properties of the superconducting and normal phase of
conventional metals [59,61–63]. The electron–phonon physics is thus
governed essentially by a unique dimensionless parameter, 𝜆, which at
a microscopic level can be expressed as:

𝜆 =
2𝑔2𝑁(0)

𝜔ph
, (2)

where 𝑁(0) is the electron density-of-states (DOS) at the Fermi level,
which qualitatively scales as 𝑁(0) ∼ 1∕𝑊 , 𝑊 being the electron
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Fig. 2. Diagrammatic representation of the electron–phonon self-energy 𝛴. On a
general ground, an exact expression of the electron–phonon self-energy is depicted
in panel (a), where solid lines represent electron Green’s functions, wavy lines phonon
propagators, and the complexity of the many-body electron–phonon interaction is
contained in the vertex function (solid black circle), which contains higher order
diagrams as shown in panel (b). In the adiabatic regime 𝜔ph∕𝐸F ≪ 1 the validity
of Migdal’s theorem allows to neglect all vertex corrections retaining only the lowest
order (constant) term. This enforces an effective mean-field-like theory as depicted in
panel (c).

bandwidth. Considering Eq. (1) and the presence of three energy scales,
one can define only two independent dimensionless parameters, conve-
niently chosen as 𝜆 and 𝜔ph∕𝐸F.

It is worth noting that the Eliashberg theory is based on a per-
turbation approach with respect to the adiabatic parameter 𝜔ph∕𝐸F,
but is not perturbative with respect to 𝜆, which indeed can be larger
than 1 in many compounds, including the room-temperature hydrogen-
based superconductors. At the ideal level, the Eliashberg theory is not
limited to small 𝜆 but it can formally extended to 𝜆 → ∞ [64] In
most of realistic materials, however, the Eliashberg theory breaks down
for large electron–phonon couplings in the adiabatic regime because of
the insurgence of new quantum states associated with lattice deforma-
tions, as charge-density-waves [12–15] or, notably, polaronic and/or
bipolaronic states [65–69]. Such possible path for rationalizing the
unconventional superconducting properties of cuprates, schematically
depicted in Fig. 3, was indeed a core topic of the latest research of Alex
Müller.

2.1. Perturbative diagrammatic nonadiabatic theory

The breakdown of the adiabatic hypothesis, pointed out by Ue-
mura’s plot, suggested to the Authors of the present paper an alternative
and complementary direction to be explored in understanding the
unconventional superconducting features of cuprates and other com-
pounds. In a framework where the superconducting pairing is related to
the coherent metallic part of the correlated charges, rather than to the
incoherent localized part, our aim was to analyze, for a intermediate
𝜆 ∼ 1, the role of the many-body vertex processes in the Cooper
pairing and in the normal state. Given the complexity of the task,
we addressed this analysis with a novel perturbative scheme, where
3

Fig. 3. Schematic phase space of the electron–phonon coupling in the 𝜆 − 𝜔ph∕𝐸F
space. Conventional low-𝑇c materials are characterized by a negligible 𝜔ph∕𝐸F ≈ 0.
In the adiabatic limit, for strong couplings 𝜆 ≫ 1 systems undergo lattice transitions
(polaronic, bipolaronic, charge-density-wave) where charges are essentially localized.
Itinerant polarons are expected in the antiadiabatic limit 𝜔ph∕𝐸F → ∞. The nonadiabatic
theory describes the electron–phonon properties in an intermediate regime where the
metallic part of the interacting electrons is expected to be the most relevant.

Fig. 4. Diagrammatic picture of the electron–phonon self-energy in the nonadiabatic
regime, including the first-order vertex processes.

the quantum Eliashberg theory was generalized to include the first-
order vertex diagrams (Fig. 2b) governed by the parameter 𝜆𝜔ph∕𝐸F.
In a diagrammatic scheme, the electron–phonon self-energy in the
nonadiabatic regime can be written as in Fig. 4. A similar expression,
using the Nambu formalism, can be derived for the superconducting
state [53].

The presence of nonadiabatic vertex corrections in the many-body
electron–phonon scattering modifies drastically the predictions of the
effects of the electron–phonon coupling in physical quantities. In the
standard adiabatic Eliashberg theory, indeed, an interesting conse-
quence of the presence of a unique dimensionless parameter 𝜆 is that
almost all relevant electron–phonon properties depend parametrically
uniquely on the electron–phonon coupling constant 𝜆 [59], for instance:
𝑚∗

𝑚
= 𝑓𝑚∗ (𝜆), (3)

𝑇c
𝜔ph

= 𝑓𝑇c (𝜆), (4)

𝛺ph

𝜔ph
= 𝑓𝛺ph

(𝜆)… , (5)

where 𝑚∗ is the effective electron mass, 𝑇c the superconducting critical
temperature, 𝛺ph the renormalized phonon frequencies, etc. Other
quantities, such as the Pauli spin susceptibility 𝜒 , are predicted to
not even depend on the electron–phonon coupling constant 𝜆, 𝜒 =
𝜒0 [48,59]. Such standard electron–phonon scenario implies thus that
many physical quantities are expected to not exhibit any dependence
on the underlying ionic masses 𝑀 , i.e. any isotope effect, whereas the su-
perconducting critical temperature is expected to display the universal
isotopic coefficient 𝛼𝑇c = −𝑑 ln 𝑇c∕𝑑 ln𝑀 = 0.5 [70]. The absence of the
isotope effect on many physical quantities, and the universal isotope
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coefficient 𝛼𝑇c = 0.5 has been assessed in many conventional metals
and low-𝑇c superconductors, and it has been considered a robust proof
of the validity of the Eliashberg theory in there materials.

The opening of nonadiabatic scattering channels changes this sce-
nario by involving a relevant role of another dimensionless parameter,
namely, 𝜂 = 𝜔ph∕𝐸F:

𝑚∗

𝑚
= 𝑓𝑚∗ (𝜆, 𝜔ph∕𝐸F), (6)

𝑇c
𝜔ph

= 𝑓𝑇c (𝜆, 𝜔ph∕𝐸F), (7)

𝛺ph

𝜔ph
= 𝑓𝛺ph

(𝜆, 𝜔ph∕𝐸F), (8)

𝜒 = 𝜒0𝑓𝜒 (𝜆, 𝜔ph∕𝐸F)… , (9)

Nonadiabatic processes in the electron–phonon coupling are expected
thus to give rise to anomalous isotope effects with are instead absent
in the conventional Eliashberg theory [43,47,48,57]. The actual ob-
servation in cuprates as well as in fullerides and MgB2 of anomalous
isotope effects on the critical temperature 𝑇c [69,71–81], and notably
also on the effective electronic mass 𝑚∗ [69,82–86], is thus a strong
evidence of the presence of nonadiabatic channels in the electron–
phonon scattering, a characteristic which is shared also by polaronic
and bipolaronic theories [57,65–69,87–92]. This is not surprising con-
sidering that the general evolution of the perturbative nonadiabatic
theory here described in the opposite antiadiabatic limit 𝜔ph∕𝐸F → ∞
would involve summing up higher and higher order vertex functions,
up to a infinite resummation which is better captured by a Lang-Firsov
transformation [93]. From this point of view, let aside the strict adia-
batic limit where an effective breakdown of the translational invariance
is predicted, the polaronic picture and the nonadiabatic theory of super-
conductivity are expected to evolve continuously into each other, and
they represent different approaches which are more suitable in different
regions of the electron–phonon phase space (Fig. 3). Non translationally
invariant states are for instance preferably used to account for polaron
localization, where ground-state properties are radically different from
Fermi liquid ones. On the other hand a perturbative way appears a
natural approach when nonadiabatic effects are expected to modify
the Fermi liquid properties in a novel nonadiabatic regime without
destroying its metallic character.

A perturbative approach is for instance fundamental in order to
rationalize the possible positive role of the breakdown of the adiabatic
hypothesis in increasing the strength of the Cooper pairing, and hence
to provide a possible route for high-𝑇c superconductivity. In this re-
gards, preserving the electronic momentum as a good quantum number
appeared to play a crucial role. The evaluation of the first order vertex
diagram beyond Migdal’s theorem and its inclusion in systems of elec-
trons scattering with high-energy bosons was previously addressed in
the early 80s by Grabowski and Sham in the context of plasmon based
superconductivity [94]. They estimated the vertex function 𝑃 (𝐪, 𝛺) in
the static limit lim𝐪→0 lim𝛺→0 𝑃 (𝐪, 𝛺) where 𝐪 = 𝐤′−𝐤 and 𝛺 = 𝜔′−𝜔 are
respectively the exchanged (phonon) momentum and frequency. In this
limit they found that the nonadiabatic electron–phonon interferences
described by Fig. 2b disfavor the effective electron-boson attraction,
namely lim𝐪→0 lim𝛺→0 𝑃 (𝐪, 𝛺) < 0. Similar results were found by later
studies where the momentum dependence of the vertex function was
neglected in favor of the energy variables [95–102]. On this basis, the
inclusion of vertex diagrams was assumed to be in any case negative
with respect to the superconducting pairing.

However, it is nowadays clear that this conclusion was based on the
enforcement of the static limit and it is not representative of generic
effect of the opening of nonadiabatic channels. In particular, a detailed
analysis of the full momentum dependence of 𝑃 (𝐪, 𝛺) (Fig. 5) shows
that vertex processes can induce an increase of the effective electron–
phonon strength (𝑃 > 0) depending on the specific relevance of the
𝑄−𝛺 phase space for the electron–phonon scattering [38–40]. Within
4

Fig. 5. Momentum-frequency dependence of the vertex function 𝑃 (𝑄 = |𝐪|∕2𝑘F , 𝛺)
(adapted from Ref. [38]).

this enriched scenario, one can thus identify common traits that favor
small-𝐪 scattering, and that are hence expected to lead to an effective
electron–phonon enhancement:

(i) electronic correlations in a metallic environment, inducing a
correlation-hole with size 𝜉 and selecting thus momenta |𝐪| <
1∕𝜉 [38,103–106];

(ii) the proximity of the Fermi level to a Van Hove singularity,
favoring small-|𝐪| scattering within the saddle point [41,42];

(iii) the proximity of the Fermi level to a band edge in almost filled
(empty) band systems, inducing a positive sign of the vertex
function for any momentum [44,51,54,58]. An effect amplified
in low-dimensional systems.

2.2. Breakdown of nonadiabatic principle from strong zero-point-motion
quantum fluctuations

In the standard textbook electron–phonon Hamiltonian, as the one
described in Eq. (1), two independent degrees of freedom are identified:
the electronic ones (first term) and the lattice vibrations (second term).
Their interaction is described in the third term. This Hamiltonian is
derived within the assumption that the effects of the zero-point motions
due to the quantum fluctuations are negligible: Denoting 𝑢 a generic
lattice distortion, (𝑎) the electronic dispersion 𝜖𝐤 is usually taken from
first-principle calculation is the perfect crystal structure in the absence
of any lattice distortion (𝑢 = 0); (𝑏) the phonon frequencies 𝜔𝐪 are
considered here at the harmonic level, neglecting anharmonicity, an
assumption which is valid in the low (quadratic) level in 𝑢; (𝑐) the
electron–phonon coupling is also typically extracted from tracing the
effects at the linear level of frozen-phonon lattice distortions on the
electronic band structure, hence in the limit 𝑢 → 0.

As evident and as discussed above, the assumption of small quantum
lattice fluctuations is essential in defining the basic electron–phonon
Hamiltonian (1), but it does not solve the nonadiabatic problem that
arises from the opening of many-body nonadiabatic channels, as the
ones shown in Fig. 2b and Fig. 4. These channels are triggered in when
the characteristic phonon energy scale 𝜔ph (second term) is comparable
with the characteristic electronic energy scale 𝐸F of the first term.
How to generalize a quantum theory of the electron–phonon inter-
action in the presence of nonadiabatic channels when 𝜔ph∕𝐸F is not
negligible has been the aim on the diagrammatic Nonadiabatic Theory
outlined in the previous section. Conversely, one is tempted to think
that nonadiabatic effects are always negligible as long as 𝜔ph∕𝐸F ≪ 1.
Although this is actually true in the vast majority of adiabatic materials,
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Fig. 6. Band-structure of MgB2 in frozen crystal structure (solid lines). Red lines denote
the 𝜎-bands. Also shown here (dashed lines, yellow regions) are the modulations of
band-structure in the presence of zero-point motion lattice fluctuations. See Refs. [36,
56,107] for more details.

a different path of breaking of the adiabatic hypothesis has been also
pointed out, taking the superconductor MgB2 as template example [36,
56,107]. In magnesium diboride, indeed, the electron–phonon coupling
is essentially concentrated in few optical (𝐸2𝑔) modes at the 𝛤 point.
First-principle computations at the harmonic level estimate 𝜔𝐸2𝑔

≈
65 meV, whereas the presence of significant anharmonicity leads to
a sizable hardening 𝜔𝐸2𝑔

≈ 80 meV. Such modes display a sizable
electron–phonon coupling with the so-called 𝜎-bands, with a strong
two-dimensional in-plane character, The chemical potential in the crys-
tal structure crosses the 𝜎-bands close to their upper edges, creating
hole-like Fermi pockets with typical Fermi energies 𝐸F ≈ 0.4 − 0.6
(Fig. 6). The adiabatic ratio evaluated from these estimates 𝜔𝐸2𝑔

∕𝐸F ≈
0.1 − 0.15 locates Mg2 in a finite but weak nonadiabatic regime, where
the relevance of the nonadiabatic diagrammatic channels induced by
the breaking of Migdal’s theorem has been under debated [51]. A close
inspection on the physical properties of MgB2 shows however that
strong nonadiabatic effects can play a peculiar role in this compounds
through a different route. The question to be addressed here is: at which
extent is the above estimate of the Fermi energy truly representative of the
realistic material?.

The band-structure 𝜖𝐤(𝑢) in the presence of a static (frozen-phonon)
lattice distortion 𝑢 of the 𝐸2𝑔 mode can be as well evaluated in MgB2.
As mentioned above, one of the basic assumptions of Eq. (1), relying
on the Born–Oppenheimer principle, is that 𝜖𝐤(𝑢) ≈ 𝜖𝐤(𝑢 = 0), within
the relevant physical range of 𝑢. Such range is lower-bounded by the
minimal amount of quantum lattice fluctuations 𝑢0 related to the zero
point motion. The band-structure 𝜖𝐤(𝑢) for 𝑢 = ±𝑢0 is also shown in
Fig. 6 as dashed lines, and the intrinsic indeterminacy of the electronic
states due to the quantum fluctuations is marked in the yellow area.
One can immediately notice how the Born–Oppenheimer assumption
𝜖𝐤(𝑢) ≈ 𝜖𝐤(𝑢 = 0) is strongly broken in MgB2, and the Fermi energy
estimate 𝐸F ≈ 0.4 − 0.6, based on the limit lim𝑢→0 𝜖𝐤(𝑢) is not represen-
tative of the full complexity of this material where intrinsic quantum
fluctuations associated to the zero point motion can span phase space
regions where 𝐸F(𝑢) ≈ 0.

The breakdown of the adiabatic hypothesis due to sizable quantum
fluctuations is conceptually well distinct from the one related to the vi-
olation of the Migdal’s theorem. Whereas this latter can be addressed by
means of a controlled diagrammatic perturbation theory, as shown in
Section 2.1, the failure of the adiabatic assumption related to quantum
fluctuations is more subtle and difficult to be tackled. On the theoretical
ground, it would require the derivation of an alternative Hamiltonian
expressed in a appropriate alternative Hilbert space where electrons
and lattice degrees of freedom are intrinsically entangled [36,108].
5

The nonadiabatic effects discussed in Section 2.1 where governed
by the ratio 𝜔ph∕𝐸F between the characteristic phonon and electronic
energy scales. On the other hand, considered that the electron–phonon
matrix elements in Eq. (1) (third term) has been derived from a linear
expansion of electronic Hamiltonian with respect to the lattice distor-
tion, one can empirically associated the breakdown of the nonadiabatic
principle discussed in this section as ruled by the parameter 𝜅 =
√

⟨𝑔2𝐤,𝐪⟩∕𝐸
2
F, in other words by the ratio between the characteristic

energy scales of the electron–phonon matrix element and the electronic
ones. In MgB2 this parameter is indeed 𝜅 ≈ 0.91 [36,56]. It should
be stressed that these two different origins of nonadiabatic effects
are also different from the polaronic features, which are governed
by the multiphonon parameter 𝛼 = ⟨𝑔2𝐤,𝐪⟩∕𝜔

2
ph [65–67,69,75,91,93].

In this perspective, the analysis of nonadiabatic effects, as discussed
here, and the investigation of polaronic features, vivid topic by K.A.
Müller, are complementary paths for exploring the unconventional
electron–phonon phase space in complex materials.

3. Discussion

As we mentioned, unconventional superconductors (with odd be-
havior with respect to the standard framework of Eliashberg’s theory)
already existed before the discovery of cuprates by Müller and Bednorz.
At that time, unconventional superconductivity did not imply neces-
sarily high-𝑇𝑐 superconductivity. Things were radically different after
1986. Copper oxides were doubtless complex and highly unconven-
tional superconductors, and there was the clear perception that the
secret of high-𝑇𝑐 superconductivity had to be sought in what makes
these materials so unconventional. The debate was therefore mainly
focused on identifying what aspect was the key ingredient that boosted
unconventional materials in the realm of high-𝑇𝑐 materials.

The evidence of a peculiar Fermi energy scale in all the uncon-
ventional superconductors motivated the Authors to identify in the
breakdown of the adiabatic hypothesis, through the opening on novel
nonadiabatic channels of pairing, the favorable condition that can
sustain high-𝑇𝑐 superconductivity. As reviewed above, nonadiabaticity
alone does not guarantee high-𝑇𝑐 superconductivity, and other con-
ditions are required in ensuring that the opening of such additional
pairing channels lead to a superconductivity enhancement. We have
identified three main frameworks (not excluding that other can work
as well): (𝑖) strong electronic correlation, leading to a small-𝐪 scattering
selection; (𝑖𝑖) the closeness to a Van Hove singularity in the electronic
dispersion; (𝑖𝑖𝑖) the approaching of the chemical potential to a band
edge in two-dimensional materials, where nonadiabatic channels are
intrinsically favorable for the Cooper pairing and the electronic density
of states is still finite and sizable.

After the discovery of cuprates, other families of unconventional
superconductors have been discovered and have been object of the
research focus, as MgB2 and pnictides. MgB2, discovered to be super-
conductor in 2001 [27], in spite of its limited 𝑇𝑐 ≈ 40 K, is nowadays
widely used for technological applications thanks of its high critical
current densities and to its high trapped magnetic fields. Although
being based on a electron–phonon pairing, it differs from conventional
superconductors because of its multiband/multigap properties [109–
112]. In this widely-accepted view, MgB2 is characterized by two
kinds of carriers: the ones from the 𝜋-bands, with large bandwidth
and small electron–phonon coupling; and the one from the 𝜎-bands,
with small Fermi energies and large electron–phonon coupling. The
chemical potential is very close to the 𝜎-band-edge, already showing at
this level a large content of nonadiabaticity [51]. Furthermore, large
quantum lattice fluctuations have been shown to drastically break the
assumptions of the adiabatic hypothesis [36,56,107]. Since 2008 [28]
unconventional superconductivity has been reported in iron-based pnic-
tide compounds and similar materials. There is a general consensus that
the superconducting pairing in pnictides is not mediated by phonons
but rather by spin fluctuations connecting hole-like and electron-like
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Fig. 7. Phase diagram of conventional and unconventional superconductors in the
space phase defined by the electron-boson coupling 𝜆 (horizontal axis) and the Migdal
parameter 𝜆𝜔0∕𝐸F (vertical axis) ruling the relevance of vertex corrections beyond
Migdal’s theorem. Note the logarithmic scale of the 𝑦-axis. Data are taken from
Ref. [37].

Fermi sheets. Even these materials are characterized by very small
Fermi energies (𝐸F ≈ 100 − 200 meV) [113] since the chemical
potential cut the hole- and electron-bands very close to their band-
edge, respectively top- and bottom-edge. Furthermore spin-fluctuations
have typically Lorentzian bosonic spectra [114], long-tailed well above
their peak-energy 𝜔sf ≈ 20 meV [115,116]. The standard Eliashberg
heory can be thus questioned also for pnictides in regards to the onset
f nonadiabatic effects arising from the breakdown of the adiabatic
ypothesis between electron and spin degrees of freedom. The peculiar
ole of the extreme Fermi energies of these compounds is testified by
he experimental observation, in de Haas-van Alphen and ARPES ex-
eriments, of systematic selective band-shifts [117–122], with opposite
ign for electron- and hole-bands, in fair agreement with the theoretical
redictions [123].

The landscape of ‘‘high-𝑇𝑐 superconductors’’ has been enriched in
the recent years by the discovery of room-temperature superconduc-
tivity at high pressure, in hydrogen-based compounds H3S, LaH10 [29–
31]. After an initial rich debate [124], the state-of-art perception nowa-
days for a large part of scientific community is that superconductivity
in these materials is conventional and well described by the standard
Eliashberg theory. However, in spite of this vulgate, even at a first
glance, these materials appear ‘‘unconventional’’ for many aspects.
Leaving aside the remarkably high critical temperature, 𝑇𝑐 ≈ 200 − 250
K, these compounds present a variety of features at odds with the
scenario of conventional superconductors. On one hand, they are char-
acterized by phonon frequencies ∼ 200 − 250 meV among the highest
ones for superconducting materials. On the other hand, the electron–
phonon coupling appears also very large 𝜆 ∼ 1 − 2, also in the range
of the highest ones for superconducting materials. Furthermore, these
materials seem to be characterized, just as cuprates, by the presence
of a Van Hove singularity close to the Fermi level. Finally, the large
phonon frequencies related to the light hydrogen-mass give rise to
sizable quantum lattice fluctuations. All these elements suggest that
superconductivity in these compounds is unconventional as well as
in other high-𝑇𝑐 materials. The agreement between the experimental
values of 𝑇𝑐 and the ab-initio estimates processed within an Eliasherg
framework seem thus more an artifact due to cancellation of different
sizable effects rather than a robust confirmation of the reliability of the
Eliashberg theory [125,126]. Overall, hydrogen-rich superconducting
compounds seem in our view more related to recent unconventional
superconductors than to the standard Eliashberg-like materials. Such
perspective can be viewed in Fig. 7 where we locate the main conven-
tional and unconventional superconductors in a Uemura-like plot, with
the electron–phonon (electron-boson) coupling strength on the 𝑥-axis,
6

and on the 𝑦-axis the Migdals’ parameter 𝜆𝜔0∕𝐸F, which governs the
relevance of the vertex diagrams beyond the Migdal’s approximation.
Nonadiabatic vertex processes can be qualitatively neglected in the
range 𝜆𝜔0∕𝐸F ≪ 1 (gray area) where conventional superconductors are
located. On the contrary, all the other main families of unconventional
superconductors, including cuprates, pnictides, and hydrides, are char-
acterized by a sizable, and often, large Migdal’s parameter 𝜆𝜔0∕𝐸F ≈ 1,
signalizing the presence of relevant nonadiabatic channels in all these
unconventional superconductors. In our opinion, hydrides should be
thus consistently regarded as true unconventional superconductors, as
well as cuprates, pnictides and other complex materials. A common
trait d’union of all these compounds is the breakdown of the nonadia-
batic hypothesis, and the presence of relevant nonadiabatic channels. A
re-examination along this perspective of the puzzling features of these
materials can shed a new light on the understanding of the complex
phenomenology of these systems.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

No data was used for the research described in the article.

References

[1] J.G. Bednorz, K.A. Müller, Possible high 𝑇𝑐 superconductivity in the Ba-La-Cu-O
system, Z. Phys. B 64 (1986) 189.

[2] M.K. Wu, J.R. Ashburn, C.J. Torng, P.H. Hor, R.L. Meng, L. Gao, Z.J. Huang,
Y.Q. Wang, C.W. Chu, Superconductivity at 93 K in a new mixed-phase Y-
Ba-Cu-O compound system at ambient pressure, Phys. Rev. Lett. 58 (1987)
908.

[3] P.H. Hor, L. Gao, R.L. Meng, Z.J. Huang, Y.Q. Wang, K. Forster, J. Vassilious,
C.W. Chu, M.K. Wu, J.R. Ashburn, C.J. Torng, High-pressure study of the new
Y-Ba-Cu-O superconducting compound system, Phys. Rev. Lett. 58 (1987) 911.

[4] P.W. Anderson, The resonating valence bond state in La2CuO4 and
superconductivity, Science 235 (1987) 1196.

[5] J.R. Schrieffer, X.G. Wen, S.C. Zhang, Dynamic spin fluctuations and the bag
mechanism of high-𝑇𝑐 superconductivity, Phys. Rev. B 39 (1989) 11663.

[6] H. Monien, D. Pines, Spin excitations and pairing gaps in the superconducting
state of YBa2Cu3O7−𝛿 , Phys. Rev. B 41 (1990) 6297.

[7] M. Randeria, N. Trivedi, A. Moreo, R.T. Scalettar, Pairing and spin gap in the
normal state of short coherence length superconductors, Phys. Rev. Lett. 69
(1992) 2001.

[8] T. Tanamoto, H. Kohno, H. Fukuyama, Magnetic properties of extended 𝑡-𝐽
model. I. Static properties, Journ. Phys. Soc, Japan 62 (1993) 717.

[9] X.-G. Wen, P.A. Lee, Theory of underdoped cuprates, Phys. Rev. Lett. 76 (1996)
503.

[10] V.J. Emery, S.A. Kivelson, Frustrated electronic phase separation and
high-temperature superconductors, Physica C 209 (1993).

[11] P. Monthoux, D. Pines, Nearly antiferromagnetic Fermi-liquid description of
magnetic scaling and spin-gap behavior, Phys. Rev. B 50 (1994) 16015.

[12] J.M. Tranquada, J.D. Axe, N. Ichikawa, A.R. Moodenbaugh, Y. Nakamura,
S. Uchida, Coexistence of, and competition between, superconductivity and
charge-stripe order in La1.6−𝑥Nd0.4Sr𝑥CuO4, Phys. Rev. Lett. 78 (1997) 338.

[13] R.S. Markiewicz, Stripes, pseudogaps, and van hove nesting in the three-band
𝑡-𝐽 model, Phys. Rev. B 56 (1997) 9091.

[14] C. Castellani, C. Di Castro, M. Grilli, Non-Fermi-liquid behavior and 𝑑-wave
superconductivity near the charge-density-wave quantum critical point, Z. Phys.
B 103 (1997) 137.

[15] J. Lorenzana, C. Castellani, C. Di Castro, Phase separation frustrated by the
long-range Coulomb interaction. I. theory, Phys. Rev. B 64 (2001) 235127.

[16] V.J. Emery, S.A. Kivelson, Importance of phase fluctuations in superconductors
with small supefluid density, Nature 374 (1995) 434.

[17] V.B. Geshkenbein, L.B. Ioffe, A.I. Larkin, Superconductivity in a system with
preformed pairs, Phys. Rev. B 55 (1997) 3173.

[18] H.-B. Yang, J.D. Rameau, P.D. Johnson, T. Valla, A. Tsvelik, G.D. Gu, Emer-
gence of preformed cooper pairs from the doped mott insulating state in
Bi2Sr2CaCu2O8+𝛿 , Nature 456 (2008) 77.

[19] P.W. Anderson, The Theory of Superconductivity in High-𝑇𝑐 Cuprate
Superconductors, Princeton University Press, New Jersey, 1997.

http://refhub.elsevier.com/S0921-4534(23)00134-X/sb1
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb1
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb1
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb2
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb2
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb2
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb2
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb2
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb2
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb2
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb3
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb3
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb3
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb3
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb3
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb4
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb4
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb4
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb5
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb5
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb5
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb6
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb6
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb6
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb7
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb7
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb7
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb7
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb7
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb8
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb8
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb8
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb9
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb9
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb9
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb10
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb10
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb10
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb11
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb11
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb11
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb12
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb12
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb12
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb12
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb12
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb13
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb13
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb13
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb14
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb14
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb14
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb14
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb14
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb15
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb15
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb15
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb16
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb16
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb16
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb17
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb17
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb17
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb18
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb18
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb18
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb18
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb18
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb19
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb19
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb19


Physica C: Superconductivity and its applications 613 (2023) 1354343E. Cappelluti et al.
[20] D.J. Scalapino, A common thread: The pairing interaction for unconventional
superconductors, Rev. Modern Phys. 84 (2012) 1383.

[21] C.M. Varma, Considerations on the mechanisms and transition temperatures
of superconductivity induced by electronic fluctuations, Rep. Progr. Phys. 75
(2012).

[22] A. Mourachkine, High-temperature superconductivity in cuprates - the nonlinear
mechanism and tunneling measurements, in: Fundamental Theories of Physics,
vol. 125, Springer Dordrecht, 2006.

[23] H. Keller, A. Bussmann-Holder, K.A. Müller, Jahn-teller physics and high-𝑇𝑐
superconductivity, Mater. Today 11 (2008) 38.

[24] A.F. Hebard, M.J. Rosseinsky, R.C. Haddon, D.W. Murphy, S.H. Glarum,
T.T.M. Palstra, A.P. Ramirez, A.R. Kortan, Superconductivity at 18 K in
potassium-doped C60, Nature 350 (1991) 600.

[25] R.M. Fleming, A.P. Ramirez, M.J. Rosseinsky, D.W. Murphy, R.C. Had-
don, S.M. Zahurak, A.V. Makhija, Relation of structure and superconducting
transition-temperatures in 𝐴3C60, Nature 352 (1991) 787.

[26] K. Tanigaki, I. Hirosawa, T.W. Ebbesen, J. Mizuki, Y. Shimakawa, Y.
Kubo, J.S. Tsai, S. Kuroshima, Superconductivity in sodium-containing and
lithium-containing alkali-metal fullerides, Nature 356 (1992) 419.

[27] J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, J. Akimitsu,
Superconductivity at 39 K in magnesium diboride, Nature 410 (2001) 63.

[28] Y. Kamihara, T. Watanabe, M. Hirano, H. Hosono, Iron-based layered super-
conductor La[O1−𝑥F𝑥]FeAs (𝑥 = 0.05 − 0.12) with 𝑇c=26 K, J. Am. Chem. Soc.
130 (2008) 3296.

[29] A.P. Drozdov, M.I. Eremets, I.A. Troyan, V. Ksenofontov, S.I. Shylin, Conven-
tional superconductivity at 203 kelvin at high pressures in the sulfur hydride
system, Nature 525 (2015) 73.

[30] A.P. Drozdov, P.P. Kong, V. Minkov, S.P. Besedin, M.A. Kuzovnikov, S.
Mozaffari, L. Balicas, F.F. Balakirev, D.E. Graf, V.B. Prakapenka, E. Greenberg,
D.A. Knyazev, M. Tkacz, M.I. Eremets, Superconductivity at 250 K in lanthanum
hydride under high pressures, Nature 569 (2019) 528.

[31] M. Somayazulu, M. Ahart, A.K. Mishra, Z.M. Geballe, M. Baldini, Y. Meng,
V.V. Struzhkin, R.J. Hemley, Evidence for superconductivity above 260 K in
lanthanum superhydride at megabar pressures, Phys. Rev. Lett. 122 (2019)
027001.

[32] Y.J. Uemura, L.P. Le, G.M. Luke, B.J. Sternlieb, W.D. Wu, J.H. Brewer, T.M.
Riseman, C.L. Seaman, M.B. Maple, M. Ishikawa, D.G. Hinks, J.D. Jorgensen,
G. Saito, H. Yamochi, Basic similarities among cuprate, bismuthate, organic,
chevrel-phase, and heavy-fermion superconductors shown by penetration-depth
measurements, Phys. Rev. Lett. 66 (1991) 2665.

[33] Y.J. Uemura, A. Keren, L.P. Le, G.M. Luke, B.J. Sternlieb, W.D. Wu, J.H. Brewer,
R.L. Whetten, S.M. Huang, S. Lin, R.B. Keren, F. Diederich, S. Donovan, G.
Gruner, K. Holczer, Magnetic-field penetration depth in K3C60 measured by
muon spin relaxation, Nature 352 (1991) 605.

[34] W.D. Wu, A. Keren, L.P. Le, G.M. Luke, B.J. Sternlieb, Y.J. Uemura, D.C.
Johnston, B.K. Cho, P. Gehring, Magnetic penetration depth in V3Si and LiTi2O4
measured by 𝜇-SR, Hyperfine Interact. 86 (1994) 615.

[35] It should be noted that the Fermi energies were there estimated from the
analysis of the penetration depth in the superconducting state. In this was, the
estimated Fermi energies properly refer to the actual charges involved in the
pairing, and not to any itinerant/localized charge component. Such distinction
is fundamental and highly relevant in correlated and multiband systems, in
order to assure that the Fermi energy estimates refer exclusively to the charges
involved in the pairing.

[36] E. Cappelluti, L. Pietronero, Electron–phonon interaction and breakdown of the
adiabatic principle in fullerides and MgB2, J. Phys. Chem. Solids 67 (2006)
1941.

[37] E.F. Talantsev, Quantifying nonadiabaticity in major families of superconduc-
tors, Nanomaterials 13 (2023).

[38] L. Pietronero, S. Strässler, C. Grimaldi, Nonadiabatic superconductivity. I.
Vertex corrections for the electron-phonon interactions, Phys. Rev. B 52 (1995)
10516.

[39] C. Grimaldi, L. Pietronero, S. Strässler, Nonadiabatic superconductivity. II.
Generalized eliashberg equations beyond migdal’s theorem, Phys. Rev. B 52
(1995) 10530.

[40] C. Grimaldi, L. Pietronero, S. Strässler, Nonadiabatic superconductivity:
Electron-phonon interaction beyond migdal’s theorem, Phys. Rev. Lett. 75
(1995) 1158.

[41] E. Cappelluti, L. Pietronero, Nonadiabatic superconductivity: The role of van
hove singularities, Phys. Rev. B 53 (1996) 932.

[42] E. Cappelluti, L. Pietronero, Van hove singularities and nonadiabatic effects in
superconductivity, Europhys. Lett. 36 (1996) 619.

[43] C. Grimaldi, E. Cappelluti, L. Pietronero, Isotope effect on 𝑚∗ in high-𝑇𝑐
materials due to the breakdown of migdal’s theorem, Europhys. Lett. 42 (1998)
667.

[44] A. Perali, C. Grimaldi, L. Pietronero, Nonadiabatic pairing effects for
tight-binding electrons interacting with phonons, Phys. Rev. B 58 (1998) 5736.

[45] C. Grimaldi, L. Pietronero, M. Scattoni, The physical origin of the
electron-phonon vertex correction, Eur. Phys. J. B 10 (1999) 247–255.
7

[46] M. Scattoni, C. Grimaldi, L. Pietronero, Anomalous impurity effects in
nonadiabatic superconductors, Europhys. Lett. 47 (1999) 588.

[47] E. Cappelluti, C. Grimaldi, L. Pietronero, S. Strässler, Nonadiabatic channels in
the superconducting pairing of fullerides, Phys. Rev. Lett. 85 (2000) 4771.

[48] E. Cappelluti, C. Grimaldi, L. Pietronero, Nonadiabatic Pauli susceptibility in
fullerene compounds, Phys. Rev. B 64 (2001) 125104.

[49] E. Cappelluti, C. Grimaldi, L. Pietronero, S. Strassler, G.A. Ummarino, Super-
conductivity of Rb3C60: breakdown of the migdal-eliashberg theory, Eur. Phys.
J. B 21 (2001) 383.

[50] P. Paci, E. Cappelluti, C. Grimaldi, L. Pietronero, Nonadiabatic superconduc-
tivity and vertex corrections in uncorrelated systems, Phys. Rev. B 65 (2001)
012512.

[51] E. Cappelluti, S. Ciuchi, C. Grimaldi, L. Pietronero, S. Strässler, High 𝑇𝑐
superconductivity in MgB2 by nonadiabatic pairing, Phys. Rev. Lett. 88 (2002)
117003.

[52] E. Cappelluti, C. Grimaldi, L. Pietronero, Spin susceptibility in small Fermi
energy systems: effects of nonmagnetic impurities, Eur. Phys. J. B 30 (2002)
511.

[53] M. Botti, E. Cappelluti, C. Grimaldi, L. Pietronero, Nonadiabatic theory of the
superconducting state, Phys. Rev. B 66 (2002) 054532.

[54] E. Cappelluti, S. Ciuchi, C. Grimaldi, L. Pietronero, Band-filling effects on
electron-phonon properties of normal and superconducting states, Phys. Rev.
B 68 (2003) 174509.

[55] E. Cappelluti, L. Pietronero, Electron-phonon renormalization in small Fermi
energy systems, Phys. Rev. B 68 (2003) 224511.

[56] L. Boeri, E. Cappelluti, L. Pietronero, Small Fermi energy, zero-point
fluctuations, and nonadiabaticity in MgB2, Phys. Rev. B 71 (2005) 012501.

[57] P. Paci, M. Capone, E. Cappelluti, S. Ciuchi, C. Grimaldi, L. Pietronero,
Polaronic and nonadiabatic phase diagram from anomalous isotope effects,
Phys. Rev. Lett. 94 (2005) 036406.

[58] E. Cappelluti, L. Pietronero, Nonadiabatic electron–phonon effects in low carrier
density superconductors, Phys. Status Solidi b 242 (2005) 133.

[59] G. Grimvall, The Electron-Phonon Interaction in Metals, North-Holland,
Amsterdam ; New York, 1981.

[60] A.B. Migdal, Interaction between electrons and lattice vibrations in a normal
metal, Sov. Phys.—JETP 7 (1958) 996.

[61] G.M. Eliashberg, Interactions between electrons and lattice vibrations in a
superconductor, Sov. Phys.—JETP 11 (1960) 6966.

[62] R.D. Parks (Ed.), Superconductivity, Dekker, New York, 1969.
[63] P.B. Allen, B. Mitrović, Theory of superconducting 𝑇𝑐 , in: Henry Ehrenreich,

Frederick Seitz, David Turnbull (Eds.), in: Solid State Phys., vol. 37, Academic
Press, (ISSN: 0081-1947) 1983, p. 1.

[64] A nice review of the properties of Eliashberg theory in the strong-coupling
regime 𝜆 → ∞ can be found in Ref. [70].

[65] A. Alexandrov, J. Ranninger, Theory of bipolarons and bipolaronic bands, Phys.
Rev. B 23 (1981) 1796.

[66] A.J. Millis, R. Mueller, B.I. Shraiman, Fermi-liquid-to-polaron crossover. I.
General results, Phys. Rev. B 54 (1996) 5389.

[67] S. Ciuchi, F. de Pasquale, S. Fratini, D. Feinberg, Dynamical mean-field theory
of the small polaron, Phys. Rev. B 56 (1997) 4494.

[68] A. Bussmann-Holder, A.R. Bishop, L. Genzel, A. Simon, Doping dependence of
Tc and its related isotope effect in high-temperature superconductors, Phys.
Rev. B 55 (1997) 11751.

[69] G.M. Zhao, K. Conder, H. Keller, K.A. Müller, Oxygen isotope effects in
La2−𝑥Sr𝑥CuO4: evidence for polaronic charge carriers and their condensation,
J. Phys.: Condens. Matter 10 (1998) 9055.

[70] J.P. Carbotte, Properties of boson-exchange superconductors, Rev. Modern Phys.
62 (1990) 1027.

[71] L.C. Bourne, M.F. Crommie, A. Zettl, H.-C. zur Loye, S.W. Keller, K.L. Leary,
A.M. Stacy, K.J. Chang, M.L. Cohen, D.E. Morris, Search for isotope effect in
superconducting Y-Ba-Cu-O, Phys. Rev. Lett. 58 (1987) 2337.

[72] J.P. Franck, S. Gygax, G. Soerensen, E. Altshuler, A. Hnatiw, J. Jung, M.A.-K.
Mohamed, M.K. Yu, G.I. Sproule, J. Chrzanowski, J.C. Irwin, The oxygen isotope
effect in Pr, Ca, and Zn substituted YBa2Cu3O7−𝛿 and EuBa2Cu3O7−𝛿 , Physica C
185–189 (1991) 1379.

[73] J.P. Franck, J. Jung, M.A-K. Mohamed, S. Gygax, G.I. Sproule, Observation of
an oxygen isotope effect in superconducting (Y1−𝑥Pr𝑥)Ba2Cu3O7−𝛿 , Phys. Rev. B
44 (1991) 5318.

[74] G. Soerensen, S. Gygax, Evaluation of oxygen isotope experiments on Pr-, Ca-,
and Zn-substituted YBa2Cu3O7, Phys. Rev. B 51 (1995) 11848.

[75] G.M. Zhao, M.B. Hunt, H. Keller, K.A. Müller, Evidence for polaronic super-
carriers in the copper oxide superconductors La2−𝑥Sr𝑥CuO4, Nature 385 (1997)
236.

[76] M.S. Fuhrer, K. Cherrey, A. Zettl, M.L. Cohen, V.H. Crespi, Carbon isotope effect
in single-crystal Rb3𝐶60, Phys. Rev. Lett. 83 (1999) 404.

[77] S.L. Bud’ko, G. Lapertot, C. Petrovic, C.E. Cunningham, N. Anderson, P.C.
Canfield, Boron isotope effect in superconducting MgB2, Phys. Rev. Lett. 86
(2001) 1877.

[78] D.G. Hinks, H. Claus, J.D. Jorgensen, The complex nature of superconductivity
in MgB2 as revealed by the reduced total isotope effect, Nature 411 (2001)
457.

http://refhub.elsevier.com/S0921-4534(23)00134-X/sb20
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb20
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb20
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb21
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb21
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb21
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb21
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb21
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb22
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb22
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb22
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb22
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb22
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb23
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb23
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb23
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb24
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb24
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb24
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb24
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb24
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb25
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb25
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb25
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb25
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb25
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb26
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb26
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb26
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb26
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb26
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb27
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb27
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb27
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb28
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb28
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb28
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb28
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb28
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb29
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb29
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb29
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb29
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb29
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb30
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb30
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb30
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb30
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb30
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb30
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb30
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb31
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb31
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb31
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb31
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb31
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb31
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb31
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb32
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb32
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb32
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb32
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb32
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb32
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb32
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb32
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb32
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb33
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb33
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb33
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb33
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb33
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb33
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb33
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb34
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb34
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb34
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb34
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb34
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb36
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb36
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb36
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb36
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb36
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb37
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb37
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb37
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb38
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb38
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb38
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb38
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb38
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb39
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb39
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb39
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb39
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb39
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb40
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb40
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb40
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb40
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb40
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb41
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb41
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb41
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb42
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb42
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb42
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb43
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb43
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb43
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb43
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb43
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb44
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb44
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb44
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb45
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb45
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb45
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb46
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb46
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb46
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb47
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb47
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb47
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb48
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb48
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb48
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb49
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb49
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb49
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb49
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb49
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb50
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb50
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb50
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb50
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb50
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb51
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb51
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb51
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb51
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb51
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb52
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb52
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb52
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb52
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb52
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb53
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb53
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb53
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb54
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb54
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb54
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb54
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb54
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb55
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb55
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb55
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb56
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb56
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb56
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb57
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb57
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb57
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb57
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb57
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb58
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb58
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb58
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb59
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb59
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb59
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb60
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb60
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb60
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb61
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb61
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb61
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb62
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb63
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb63
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb63
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb63
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb63
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb65
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb65
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb65
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb66
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb66
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb66
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb67
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb67
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb67
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb68
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb68
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb68
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb68
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb68
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb69
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb69
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb69
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb69
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb69
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb70
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb70
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb70
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb71
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb71
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb71
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb71
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb71
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb72
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb72
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb72
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb72
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb72
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb72
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb72
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb73
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb73
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb73
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb73
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb73
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb74
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb74
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb74
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb75
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb75
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb75
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb75
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb75
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb76
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb76
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb76
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb77
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb77
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb77
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb77
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb77
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb78
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb78
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb78
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb78
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb78


Physica C: Superconductivity and its applications 613 (2023) 1354343E. Cappelluti et al.
[79] D.G. Hinks, J.D. Jorgensen, The isotope effect and phonons in MgB2, Physica
C (ISSN: 0921-4534) 385 (2003) 98.

[80] G.H. Gweon, T. Sasagawa, S.Y. Zhou, J. Graf, H. Takagi, D.H. Lee, A. Lanzara,
An unusual isotope effect in a high-transition-temperature superconductor,
Nature 430 (2004) 187.

[81] D.R. Harshman, J.D. Dow, A.T. Fiory, Isotope effect in high-𝑇𝑐 superconductors,
Phys. Rev. B 77 (2008) 024523.

[82] H.J. Bornemann, D.E. Morris, Isotope effect in YBa2−𝑥La𝑥Cu3O𝑧: Evidence for
phonon-mediated high-temperature superconductivity, Phys. Rev. B 44 (1991)
5322.

[83] J. Hofer, K. Conder, T. Sasagawa, Guo-meng Zhao, M. Willemin, H. Keller, K.
Kishio, Oxygen-isotope effect on the in-plane penetration depth in underdoped
La2−𝑥Sr𝑥CuO4 single crystals, Phys. Rev. Lett. 84 (2000) 4192.

[84] R. Khasanov, A. Shengelaya, E. Morenzoni, M. Angst, K. Conder, I.M. Savić, D.
Lampakis, E. Liarokapis, A. Tatsi, H. Keller, Site-selective oxygen isotope effect
on the magnetic-field penetration depth in underdoped Y0.6Pr0.4Ba2Cu3O7−𝛿 ,
Phys. Rev. B 68 (2003) 220506.

[85] R. Khasanov, A. Shengelaya, K. Conder, E. Morenzoni, I.M. Savić, H. Keller,
The oxygen-isotope effect on the in-plane penetration depth in underdoped
Y1−𝑥Pr𝑥Ba2Cu3O7−𝛿 as revealed by muon-spin rotation, J. Phys.: Condens. Matter
15 (2002) L17.

[86] R. Khasanov, D.G. Eshchenko, H. Luetkens, E. Morenzoni, T. Prokscha, A. Suter,
N. Garifianov, M. Mali, J. Roos, K. Conder, H. Keller, Direct observation of
the oxygen isotope effect on the in-plane magnetic field penetration depth in
optimally doped YBa2Cu3O7−𝛿 , Phys. Rev. Lett. 92 (2004) 057602.

[87] A. Bill, V.Z. Kresin, S.A. Wolf, Isotope effect for the penetration depth in
superconductors, Phys. Rev. B 57 (1998) 10814.

[88] E.V.L. de Mello, J. Ranninger, Quasiparticle properties of small polarons and
bipolarons, Phys. Rev. B 58 (1998) 9098.

[89] J. Mustre de Leon, R. de Coss, A.R. Bishop, S.A. Trugman, Isotopic substitution
in a model polaronic system, Phys. Rev. B 59 (1999) 8359.

[90] T. Schneider, H. Keller, Isotope effects in underdoped cuprate superconductors:
A quantum critical phenomenon, Phys. Rev. Lett. 86 (2001) 4899.

[91] A. Deppeler, A.J. Millis, Dynamical mean-field theory of electron-phonon
interactions in correlated systems: Application to isotope effects on electronic
properties, Phys. Rev. B 65 (2002) 224301.

[92] M. Tachiki, M. Machida, T. Egami, Vibronic mechanism of high-𝑇𝑐
superconductivity, Phys. Rev. B 67 (2003).

[93] I.G. Lang, Yu. A. Firsov, Kinetic theory of semiconductors with low mobility,
Sov. Phys.—JETP 16 (1963) 1301.

[94] M. Grabowski, L.J. Sham, Superconductivity from nonphonon interactions,
Phys. Rev. B 29 (1984) 6132.

[95] J. Cai, X.L. Lei, L.M. Xie, Vertex correction to the eliashberg equation for the
superconducting critical temperature, Phys. Rev. B 39 (1989) 11618.

[96] V.N. Kostur, B. Mitrović, Electron-phonon interaction in two dimensions:
Variation of im𝛴(𝜖𝑝 , 𝜔) with increasing 𝜔𝐷∕𝐸𝐹 , Phys. Rev. B 48 (1993) 16388.

[97] V.N. Kostur, B. Mitrović, Calculations of the superconducting critical
temperature with vertex corrections, Phys. Rev. B 50 (1994) 12774.

[98] E.J. Nicol, J.K. Freericks, Vertex corrections to the theory of superconductivity,
Physica C 235–240 (1994) 2379.

[99] H.R. Krishnamurthy, D.M. Newns, P.C. Pattnaik, C.C. Tsuei, C.C. Chi, Vertex
correction to pairing at a van hove singularity, Phys. Rev. B 49 (1994) 3520.

[100] J.K. Freericks, V. Zlatić, W. Chung, M. Jarrell, Vertex-corrected perturbation
theory for the electron-phonon problem with nonconstant density of states,
Phys. Rev. B 58 (1998) 11613.

[101] P. Miller, J.K. Freericks, E.J. Nicol, Possible experimentally observable effects
of vertex corrections in superconductors, Phys. Rev. B 58 (1998) 14498.

[102] L.P. Gor’kov, Superconducting transition temperature: Interacting Fermi gas
and phonon mechanisms in the nonadiabatic regime, Phys. Rev. B 93 (2016)
054517.

[103] M. Grilli, C. Castellani, Electron-phonon interactions in the presence of strong
correlations, Phys. Rev. B 50 (1994) 16880.

[104] M.L. Kulić, R. Zeyher, Influence of strong electron correlations on the
electron-phonon coupling in high-𝑇𝑐 oxides, Phys. Rev. B 49 (1994) 4395.

[105] R. Zeyher, M.L. Kulić, Renormalization of the electron-phonon interaction by
strong electronic correlations in high-𝑇𝑐 superconductors, Phys. Rev. B 53
(1996) 2850.

[106] M.L. Kulić, Interplay of electron–phonon interaction and strong correlations:
the possible way to high-temperature superconductivity, Phys. Rep. 338 (2000)
1.
8

[107] L. Boeri, G.B. Bachelet, E. Cappelluti, L. Pietronero, Small Fermi energy and
phonon anharmonicity in MgB2 and related compounds, Phys. Rev. B 65 (2002)
214501.

[108] E.G. Brovman, Yu. Kagan, The phonon spectrum of metals, Sov. Phys.—JETP
25 (1967) 365.

[109] A.Y. Liu, I.I. Mazin, J. Kortus, Beyond eliashberg superconductivity in MgB2:
Anharmonicity, two-phonon scattering, and multiple gaps, Phys. Rev. Lett. 87
(2001) 087005.

[110] H.J. Choi, D. Roundy, H. Sun, M.L. Cohen, S.G. Louie, The origin of the
anomalous superconducting properties of MgB2, Nature 418 (6899) (2002) 758.

[111] V. Guritanu, A.B. Kuzmenko, D. van der Marel, S.M. Kazakov, N.D. Zhigadlo, J.
Karpinski, Anisotropic optical conductivity and two colors of MgB2, Phys. Rev.
B 73 (2006) 104509.

[112] X.X. Xi, Two-band superconductor magnesium diboride, Rep. Progr. Phys. 71
(2008) 116501.

[113] S. Lebègue, Electronic structure and properties of the Fermi surface of the
superconductor LaOFeP, Phys. Rev. B 75 (2007) 035110.

[114] A.J. Millis, Nearly antiferromagnetic Fermi liquids: An analytic eliashberg
approach, Phys. Rev. B 45 (1992) 13047.

[115] Y. Bang, H.-Y. Choi, Possible pairing states of the fe-based superconductors,
Phys. Rev. B 78 (2008) 134523.

[116] K. Matan, R. Morinaga, K. Iida, T.J. Sato, Anisotropic itinerant magnetism and
spin fluctuations in BaFe2As2: A neutron scattering study, Phys. Rev. B 79
(2009) 054526.

[117] H. Ding, K. Nakayama, P. Richard, S. Souma, T. Sato, T. Takahashi, M. Neupane,
Y.-M. Xu, Z.-H. Pan, A.V. Fedorov, Z. Wang, X. Dai, Z. Fang, G.F. Chen, J.L. Luo,
N.L. Wang, Electronic structure of optimally doped pnictide Ba0.6K0.4Fe2As2:
a comprehensive angle-resolved photoemission spectroscopy investigation, J.
Phys.: Conden. Matter 23 (2011) 135701.

[118] L.X. Yang, Y. Zhang, H.W. Ou, J.F. Zhao, D.W. Shen, B. Zhou, J. Wei, F. Chen,
M. Xu, C. He, Y. Chen, Z.D. Wang, X.F. Wang, T. Wu, G. Wu, X.H. Chen,
M. Arita, K. Shimada, M. Taniguchi, Z.Y. Lu, T. Xiang, D.L. Feng, Electronic
structure and unusual exchange splitting in the spin-density-wave state of the
BaFe2As2 parent compound of iron-based superconductors, Phys. Rev. Lett. 102
(2009) 107002.

[119] L. Wray, D. Qian, D. Hsieh, Y. Xia, L. Li, J.G. Checkelsky, A. Pasupathy,
K.K. Gomes, C.V. Parker, A.V. Fedorov, G.F. Chen, J.L. Luo, A. Yazdani, N.P.
Ong, N.L. Wang, M.Z. Hasan, Momentum dependence of superconducting gap,
strong-coupling dispersion kink, and tightly bound cooper pairs in the high-𝑇𝑐
(Sr,Ba)1−𝑥(K,Na)𝑥Fe2As2 superconductors, Phys. Rev. B 78 (2008) 184508.

[120] M. Yi, D.H. Lu, J.G. Analytis, J.-H. Chu, S.-K. Mo, R.-H. He, R.G. Moore,
X.J. Zhou, G.F. Chen, J.L. Luo, N.L. Wang, Z. Hussain, D. Singh, I.R.
Fisher, Z.-X. Shen, Electronic structure of the BaFe2As2 family of iron-pnictide
superconductors, Phys. Rev. B 80 (2009) 024515.

[121] A.I. Coldea, J.D. Fletcher, A. Carrington, J.G. Analytis, A.F. Bangura, J.-H.
Chu, A.S. Erickson, I.R. Fisher, N.E. Hussey, R.D. McDonald, Fermi surface of
superconducting LaFePO determined from quantum oscillations, Phys. Rev. Lett.
101 (2008) 216402.

[122] A. Carrington, A.I. Coldea, J.D. Fletcher, N.E. Hussey, C.M.J. Andrew, A.F.
Bangura, J.G. Analytis, J.-H. Chu, A.S. Erickson, I.R. Fisher, R.D. McDonald,
Quantum oscillation studies of the Fermi surface of LaFePO, Physica C 469
(2009) 459.

[123] L. Ortenzi, E. Cappelluti, L. Benfatto, L. Pietronero, Fermi-surface shrinking and
interband coupling in iron-based pnictides, Phys. Rev. Lett. 103 (2009) 046404.

[124] See for instance the collection of contribution papers in one of the first
conferences devoted to superconductivity in hydrogen-rich materials [127].

[125] W. Sano, T. Koretsune, T. Tadano, R. Akashi, R Arita, Effect of van hove
singularities on high-𝑇c superconductivity in H3S, Phys. Rev. B 93 (2016)
094525.

[126] Tianchun Wang, Motoaki Hirayama, Takuya Nomoto, Takashi Koretsune, Ry-
otaro Arita, José A. Flores-Livas, Absence of conventional room-temperature
superconductivity at high pressure in carbon-doped H3S, Phys. Rev. B 104
(2021) 064510, http://dx.doi.org/10.1103/PhysRevB.104.064510, URL https:
//link.aps.org/doi/10.1103/PhysRevB.104.064510.

[127] A. Gulian, D. Van Vechten, E. Cappelluti, O. Dolgov, J. Tollaksen, G. Melkonyan,
Gorshunov. B., C. Bourgeois, Room-temperature superconductivity and quantum
physics, in: A. Gulian, D. Van Vechten, E. Cappelluti, O. Dolgov, J. Tollaksen,
G. Melkonyan, Gorshunov. B., C. Bourgeois (Eds.), in: Quantum Studies:
Mathematics and Foundations, vol. 5, Springer Publishing, 2018.

http://refhub.elsevier.com/S0921-4534(23)00134-X/sb79
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb79
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb79
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb80
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb80
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb80
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb80
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb80
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb81
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb81
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb81
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb82
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb82
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb82
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb82
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb82
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb83
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb83
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb83
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb83
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb83
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb84
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb84
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb84
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb84
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb84
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb84
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb84
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb85
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb85
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb85
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb85
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb85
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb85
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb85
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb86
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb86
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb86
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb86
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb86
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb86
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb86
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb87
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb87
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb87
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb88
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb88
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb88
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb89
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb89
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb89
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb90
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb90
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb90
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb91
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb91
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb91
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb91
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb91
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb92
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb92
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb92
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb93
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb93
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb93
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb94
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb94
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb94
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb95
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb95
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb95
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb96
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb96
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb96
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb97
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb97
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb97
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb98
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb98
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb98
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb99
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb99
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb99
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb100
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb100
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb100
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb100
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb100
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb101
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb101
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb101
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb102
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb102
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb102
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb102
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb102
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb103
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb103
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb103
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb104
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb104
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb104
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb105
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb105
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb105
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb105
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb105
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb106
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb106
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb106
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb106
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb106
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb107
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb107
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb107
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb107
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb107
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb108
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb108
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb108
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb109
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb109
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb109
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb109
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb109
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb110
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb110
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb110
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb111
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb111
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb111
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb111
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb111
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb112
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb112
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb112
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb113
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb113
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb113
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb114
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb114
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb114
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb115
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb115
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb115
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb116
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb116
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb116
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb116
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb116
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb117
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb117
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb117
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb117
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb117
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb117
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb117
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb117
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb117
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb118
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb118
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb118
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb118
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb118
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb118
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb118
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb118
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb118
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb118
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb118
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb119
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb119
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb119
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb119
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb119
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb119
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb119
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb119
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb119
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb120
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb120
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb120
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb120
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb120
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb120
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb120
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb121
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb121
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb121
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb121
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb121
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb121
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb121
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb122
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb122
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb122
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb122
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb122
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb122
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb122
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb123
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb123
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb123
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb125
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb125
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb125
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb125
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb125
http://dx.doi.org/10.1103/PhysRevB.104.064510
https://link.aps.org/doi/10.1103/PhysRevB.104.064510
https://link.aps.org/doi/10.1103/PhysRevB.104.064510
https://link.aps.org/doi/10.1103/PhysRevB.104.064510
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb127
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb127
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb127
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb127
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb127
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb127
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb127
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb127
http://refhub.elsevier.com/S0921-4534(23)00134-X/sb127

	Electron–phonon driven unconventional superconductivity: The role of small Fermi energies and of nonadiabatic processes
	Introduction
	Nonadiabatic processes
	Perturbative diagrammatic Nonadiabatic Theory
	Breakdown of nonadiabatic principle from strong zero-point-motion quantum fluctuations

	Discussion
	Declaration of competing interest
	Data availability
	References


