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Properties of superconductors

Loss of electrical resistance Expulsion of magnetic field
(Meissner effect)

Superconducting Normal



Magnetic levitation of superconductors

Repulsive force between magnet and superconductor 

Magnet

Superconductor
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B = 0

B = H + 4πM



Applications of superconductors

Loss of electrical resistance Expulsion of magnetic field

Power transmission Ground transportation

600 km/h with little friction

Conventional wire

Superconducting wire



Discovery of superconductivity in Hg

Resistivity = 0 
below Tc = 4.2 KHeike K. Onnes (1911)



Superconducting transition temperature Tc

J. A. Flores-Livas et al., arXiv:1905.06693



History of superconductors

Cuprates

Heavy fermion

Tc as a function of time



Conventional BCS-type superconductors

Bardeen  Cooper  Schrieffer

Nobel prize 
(1972)

BCS



BCS theory: electron-phonon coupling (EPC)

Attractive electron-electron interaction 
mediated by “virtual” phonons !!

Cooper pairLattice deformation
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+ +



Cooper pair

~ 100 nm

Lattice spacing 
~ 0.3 nm

Phonon exchange Cooper pairs 
in momentum space

‘

Zero-spin bosons

EF

|E - EF| <

≈  vF× 2π/ωD



Bose condensation of Cooper pairs

Bosons 
(integer spin)

Fermions 
(half-integer spin)

Superconducting Normal

Pauli 
exclusion 
principles

Condensate



BCS theory of superconductivity

Superconducting gap Δ and Tc

Cooper pairs 
condensate

Maximum Tc  < 25 K 

(Weak el-phonon coupling theory) 



Cooper pairs in superconducting state

Normal 
(independence)

Superconducting 
(coherence)



Dias and Silvera, Science (2017)

Insulator Semiconductor Metal

Diamond Anvil Cell

Possibility of room-temperature superconductor



Pressure inside the Earth

1 GPa ≈ 10,000 atm (bar)

100 GPa ≈ 1 Mbar



Diamond Anvil Cell

LaH10

170 GPa



LaH10

Nature (2019)
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 H1 and H2 :  H32 cage

 La :  fcc lattice

High symmetry structure

Sodalite-like clathrate structure



Intricate bonding nature of fcc LaH10

La & H1 : anionic
H2 : cationic

Polar covalent bonding
ρtot

Δρ = ρtot  - ρLa  - ρH

La: cationic
H: anionic

LaH2: Ionic bonding

atm

Mizoguchi et al. 
Inorganic Chem. (2016)

La

H

X 10-1



Electronic structure of fcc LaH10

Band structure (300 GPa)
Fermi surface

 Multiband: four Fermi surface sheets provide many          
EPC channels. 



Density of electronic states of fcc LaH10

Density of states

 Van Hove singularity (vHs): High DOS at the Fermi level 

 Strong hybridization of La f and H1 s orbitals at Ef



Density of electronic states of compressed H3S

Density of states bcc structure

 Van Hove singularity: High DOS at the Fermi level 

 Strong hybridization of S p and H s orbitals

Tc = 203 K (150 GPa)





Phonon spectrum & phonon DOS of LaH10

 The lowest optical phonon modes have large electron-
phonon coupling strength.  

Phonon spectrum (at 300 GPa)

 Optical modes arising from H1 (anionic) and H2 (cationic).  

Acoustic

Optical



Comparison of phonon frequencies and Tc

Pb [1] Nb3Ge [2] MgB2 
[3] H3S [4] LaH10 

[5]

ωmax (cm-1) 300 250 810 1800 2380

Tc (K) 4.2 23 39 200 233

[1] Brockhouse et al. Phys. Rev.(1962)

[5] Wang et al. PRB (2019)

[3] Margine et al. PRB (2013)

[4] Sci. Rep. (2014)

[2] Smith et al. PRB (1985)



 Eliashberg spectral function 

 Phonon density of states

 Electron-phonon matrix elements

Electron-phonon coupling constant



Structural, electronic & phononic properties 
of fcc LaH10

 High symmetry structure & vHs  high DOS

 Multiband & hybridized states at  EF

Room-temperature superconductivity 

 High phonon frequencies of H atoms

Large electron-phonon coupling (EPC) constant

 Covalent H-H and La-H bonding characters
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LaH10

Nature (2019)

 Why does Tc decrease with increasing pressure?





Phonon spectrum as a function of pressure

 The low-frequency optical phonon modes soften with 
decreasing pressure, increasing the EPC strength. 

220 GPa 260 GPa 300 GPa

Structural phase transition to a low-symmetry structure 



Pressure dependence of Tc in fcc-LaH10

Drozdovar, et al. Nature (2019)

EPC constant

Pressure (Gpa) Pressure (Gpa)

Migdal-Eliashberg equations



Band structure as a function of pressure

 Electronic states at Ef hardly change w.r.t pressure.

 Phonon softening is not due to Fermi-surface instability 
but is associated with electron-phonon coupling.
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Multiband superconductivity

Single band SC Multiband SC

particle band

EF
2Δ

hole band

particle band

hole band

2Δ1
2Δ2



Multiband superconductivity in MgB2

Margine & Giustino, PRB (2013)



Four Fermi surface sheets

PRL (Submitted)

 n=1,2,3 bands : 

 n=4 band :

Hybridized states of H1 & La

Hybridized state of H1 & H2



Electron-phonon coupling (EPC) of LaH10

 The lower regime of λ1 originates from n=1, 2, 3 bands.
 The upper regime of λ2 originates from n=4 band.

Distribution of k-resolved EPC constant λnk
(Anisotropic Migdal-Eliashberg equations)



Superconducting gap of fcc LaH10

Energy distribution of k-resolved gap Δnk

 Anisotropic two-gap nodeless SC with s-wave symmetry

n = 1 n = 2

n = 3 n = 4

Tc

(Anisotropic Migdal-Eliashberg equations)

T = 0



Multiple Fermi surface sheets in fcc YH10

Band structure at 300 GPa

 There are two more Fermi surface sheets than LaH10.

 Six bands cross at the Fermi energy. 



Electron-phonon coupling of YH10

Distribution of k-resolved EPC constant λnk

 The upper regime of λ1 originates from n=1, 2, 3, 4 bands.
 The lower regime of λ2 originates from n=5, 6 band.



Superconducting gap of fcc YH10

Energy distribution of k-resolved gap Δnk

 YH10 has Tc = 290 K at 300 GPa, higher than LaH10.

 More Fermi surface sheets give higher Tc.

TcT = 0



Why LaH10 has room-temperature SC ? 

 Multiband EPC channels

 Hybridized electronic states at EF

Room-temperature superconductivity

Large EPC constant

 Covalent H-H and La-H bondings



High-Tc BCS-type superconductors

MgB2 LaH10 Li2MgH16 

Sun et al. PRL (2019)

ωmax: 810 cm-1

λ: 0.748

Tc: ~40 K

ωmax: 2380 cm-1

λ: 1.86

Tc: ~233 K

ωmax: 2400 cm-1

λ: 3.35

Tc: ~473 K

Wang et al. PRB (2019)Margine et al. PRB (2013)



Future direction of superconducting hydrides

 Room-temperature SC of hydrides at ambient pressure

(2015) (2019)
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