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Superconductivity in hydrogen-based superconductors

300

250

200

150

100

50

0
1920 1940 1960 1980 2000 2020

Te
m

pe
ra

tu
re

 (K
)

Simple metals
Hydrogen-based compounds
Fullerides
Iron-based compounds
Cuprates

Hg Pb
Nb3Sn

MgB2

HgTlBaCaCuO

HgBaCaCuO (30 GPa)

Cs3C60
SrFFeAs

H3S (155 GPa)

LaH10 (150 GPa)

C-S-H (267 GPa)

Room temperature

Liquid nitrogen

Simple metals era

Unconventional 
superconductors era

Superhydrides 
era

YH9 (182 GPa)

YH6 (166 GPa)

Ion Errea Lecture 9 3 / 31



Superconductivity in hydrogen-based superconductors

YH10

LaH10

CaH6

H3S

H

MgB2

HgBaCaCuO 

MgH6

ScH9

Sr1/2Sm1/2FeAsF

PdH

GaH3
S = 1 S

S
= 2

S ≪ 1

S
= 3

S =
Tc√

T 2
c,MgB2

+ P2

Ion Errea Lecture 9 4 / 31



Outline

1 High-temperature superconductivity in hydrogen-based superconductors

2 Electron-phonon interaction in anharmonic crystals

3 Palladium Hydrides

4 H3S

5 LaH10

6 Conclusions

Ion Errea Lecture 9 5 / 31



Electron-phonon interaction in anharmonic crystals

The superconducting properties of materials can be calculated from the Eliashberg
spectral function α2F (ω)

α2F (ω) =
1

N(EF )N2

∑
µq
knm

|gµmk+q,nk |
2δ(Ekn)δ(Ek+qm)δ(ω − ωµ(q))

where N(EF ) is the electronic DOS at the Fermi level and

gµmk+q,nk =
∑
a

eaµ(q)√
2Maωµ(q)

〈ψmk+q |
[
∂VKS

∂ua(q)

]
R=R0

|ψnk〉

If we want to include anharmonic effects in the Eliashberg function, we substitute
the harmonic phonon frequencies and polarization vectors by the anharmonic ones
(auxiliary of those coming from the free energy Hessian)

α2F (ω) =
1

N(ER0
F )N2

∑
µq
knm

|gµmk+q,nk |
2δ(ER0

kn )δ(ER0
k+qm)δ(ω − wµ(q))

with the electron-phonon coupling calculated at the R0 positions

g
µ
mk+q,nk =

∑
a

eaµ(q)√
2Mawµ(q)

〈ψR0
mk+q |

[
∂VKS

∂ua(q)

]
R=R0

|ψR0
nk 〉
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Calculating the critical temperature

With α2F (ω) the electron-phonon coupling constant can be calculated

λ = 2

∫ ∞
0

dω
α2F (ω)

ω

The superconducting critical temperature can also be calculated with Allen-Dynes
modified McMillan equation

Tc =
f 1f 2 ωlog

1.2
exp

[
− 1.04(1 + λ)

λ− µ∗(1 + 0.62λ)

]
with µ∗ the effective repelling electron-electron interaction and

ωlog = exp

(
2

λ

∫
dω

α2F (ω)

ω
logω

)
f1 =

[
1 + (λ/Λ1)3/2

]1/3

f2 = 1 +
(ω̄2/ωlog − 1)λ2

λ2 + Λ2
2

Λ1 = 2.46(1 + 3.8µ∗) Λ2 = 1.82(1 + 6.3µ∗)(ω̄2/ωlog)

ω̄2 =

[
2

λ

∫
dωα2F (ω)ω

]1/2
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Migdal-Eliashberg equations

With α2F (ω) the Migdal-Eliashberg (isotropic) equations can be solved
alternatively (more exact theory)

Zn = 1 +
πT

ωn

∑
m

ωm√
ω2
m + ∆2

m

λnm

∆n =
πT

Zn

∑
m

∆m√
ω2
m + ∆2

m

(λnm − µ∗)

where

ωn = (2n + 1)Tπ and λnm =

∫
dΩ

2Ω

(ωn − ωm)2 + Ω2
α2F (Ω)

The temperature at which ∆0 vanishes determines the superconducting critical
temperature
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Migdal-Eliashberg equations

Atomic hydrogen

Borinaga et al., PRB (2016)
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Inverse isotope effects in palladium hydrides

PdD has a higher Tc than PdH

Hemmes et al., PRB (1989)
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Anharmonic effects in palladium hydrides

PdH (0 GPa, 0 K)
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Anharmonic effects in palladium hydrides induce the
inversion of the isotope effect

Errea et al., PRL (2013)
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Record superconductivity in hydrogen sulfide
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H3S is an anharmonic electron-phonon superconductor

H3S (200 GPa, 0 K)
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The quantum nature of the proton symmetrizes the
hydrogen bonds in H3S

Total energy as a function of R

E(R) = EBO(R) + Evib(R)

The total energy calculated along the
path defined by the reaction
coordinate Q:

R(Q) = R Im3̄m + Q(RR3m − R Im3̄m)

Q = 0:
Q = 1:

Off-centering: x = (d2 − a/2)/(a/2)
a
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The quantum symmetrization has a large impact on
phonons and the superconducting Tc
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We determine the transition pressure by interpolating the
obtained energies
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LaH10 a record superconductor

Drozdov et al., Nature (2019)
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Strongly distorted phases of LaH10

Errea et al., Nature (2020)
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Quantum structural relaxations in LaH10

Errea et al., Nature (2020)
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Quantum structural relaxations in LaH10 R 3̄m

Errea et al., Nature (2020)
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Quantum structural relaxations in LaH10 C2

Errea et al., Nature (2020)
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The energy landscape is quantum

Errea et al., Nature (2020)
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Anharmonic phonons for Fm3̄m LaH10
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Tc in agreement with experiments

Errea et al., Nature (2020)
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Quantum anharmonic enhancement of superconductivity

Errea et al., Nature (2020)
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Conclusions

1 Superhydrides are strongly affected by anharmonicity and quantum effects, both in
the crystal structure and the phonon spectra, strongly affecting the
superconducting properties

2 Quantum anharmonic effects can enhance the superconductivity by stabilizing
structures that would otherwise be unstable classically at much lower pressures
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