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COMPUTATIONAL METHODS

The structural optimization and electronic characteristics of few-hydrogen metal-bonded layered (Mg4)2H1 are ex-
plored based on the density functional theory (DFT) method, employing the QUANTUM ESPRESSO package [1–3].
To obtain optimal lattice constants, the generalized gradient approximation (GGA) of the revised Perdew-Burke-
Ernzerhof (PBEsol) functional is employed to treat the exchange-correlation (XC) interactions [4]. subsequently, the
GGA of Perdew-Burke-Ernzerhof (PBE) functional is adopted in electronic structure calculations [5]. The interactions
between core electrons and valence electrons are described by the Optimized Norm-Conserving Vanderbilt (ONCV)
pseudopotential, with the valence electron configurations as 2s22p63s2 for Mg and 1s1 for H atoms [6]. The kinetic
energy cutoff for plane wave and charge density is set to 120 and 480 Ry, respectively. The structure is fully optimized
until the force on each atom is less than 10−5 Ry/Bohr. The self-consistent charge density is evaluated using an
8×8×10 k-point grid with a Gaussian smearing of 0.01 Ry. Phonon wave vectors are sampled on a 4×4×5 mesh.
The dynamical matrices and electron-phonon coupling (EPC) are computed within the framework of density func-

tional perturbation theory (DFPT) [7]. The EPC matrix element gijk,qν is used to describe the scattering probability

amplitude of an electron by a phonon with wave vector q, which can be determined as follows [8, 9],

gijk,qν =

(
ℏ

2Mωqν

)1/2 〈
ψi,k|

dVSCF

dûqν
· êqν |ψj,k+q

〉
, (S1)

where M represents the atomic mass, k and q are electron and phonon wave vectors. The i, j and ν are indices of
energy bands and phonon modes, respectively. The ωqν and êqν stand for the phonon frequency and eigenvector of
the νth phonon mode with wave vector q. The dVSCF/dûqν measures the change of self-consistent potential induced
by the atomic displacement. Both ψi,k and ψj,k+q are Kohn-Sham orbitals. Phonon linewidth γqν can be defined by
the integration [8, 9],

γqν =
2πωqν

ΩBZ

∑
ij

∫
d3k|gijk,qν |

2
δ (ϵk,i − ϵF ) δ (ϵk+q,j − ϵF ) , (S2)

where ϵk,i and ϵk+q,j are eigenvalues of Kohn-Sham orbitals at given bands and wave vectors. It is clear that the
phonon linewidth is mainly determined by the EPC matrix element and the Fermi surface (FS) nesting function ξ(q),
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defined as follows,

ξ(q) =
∑
k,i,j

δ (ϵk,i − ϵF ) δ (ϵk+q,j − ϵF ) . (S3)

The Eliashberg spectral function can be expressed by [8, 9],

α2F (ω) =
1

2πN(EF)

∑
qν

δ (ω − ωqν)
γqν
ℏωqν

, (S4)

where N(EF) represents the density of states at Fermi level. The EPC constant λ can be determined through
integration of the spectral function in frequency space or summation over the first Brillouin zone [8, 9],

λ = 2

∫
α2F (ω)

ω
dω =

∑
qν

λqν , (S5)

where the EPC parameter λqν for the mode ν at wave vector q is defined by [8, 9],

λqν =
γqν

πℏN(EF)ω2
qν

. (S6)

FIG. S1. Calculated (a) electronic band structures, and (b) phonon spectra of layered (Mg4)2H1, where the green lines are
derived from the first-principles PBE functional, and the red dashed lines are simulated by using the Wannier interpolation
technology, respectively.

To further investigate the EPC property and the superconducting characteristics of layered (Mg4)2H1, we adopt
Wannier interpolation technique to reevaluate the EPC strength and solve the Migdal-Eliashberg (ME) equations [10,
11] by using the EPW code [12, 13]. The electronic wave functions are calculated using a dense k-point grid 8×8×10
within the EPW code, in order to perform the Wannier interpolation [12, 14]. The electronic properties near FS
are described by constructing the maximally localized thirty-three Wannier functions [15]. The Wannier interpolated
band structures and phonon spectra are shown in Fig. S1. The fully anisotropic ME equations can be described as
follows [11],

Z (k, iωn) =1 +
πT

N(EF)ωn

∑
k′n′

ωn′√
ω2
n′ +∆2 (k′, iωn′)

× δ (ϵk′)λ (k,k′, n− n′) ,

(S7)

Z (k, iωn)∆ (k, iωn) =
πT

N(EF)

∑
k′n′

∆(k′, iωn′)√
ω2
n′ +∆2 (k′, iωn′)

× δ (ϵk′) [λ (k,k′, n− n′)− µ∗] .

(S8)

Here Z(k, iωn) is the mass renormalization function and ∆(k, iωn) is the superconducting gap function. The k (n)
is the electron wave vector (band index), and µ∗ is the semiempirical Coulomb repulsion pseudopotential, which has
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been set to 0.10 in our calculations. The anisotropic EPC strength λ(k,k′, n− n′) can be calculated by using the
following formula,

λ (k,k′, n− n′) = N(EF)
∑
ν

2ωqν

(ωn − ωn′)
2
+ ω2

qν

|gνkk′ |2. (S9)

It is worth emphasizing that the ME equations can only be solved self-consistently along the imaginary axis at the
fermion Matsubara frequencies ωn = (2n + 1)πT (n an integer) for each temperature T because two equations are
coupled with each other in a non-linear fashion. The numerical solutions of the ME equations for layered (Mg4)2H1

are performed on the dense grids including 40×40×50 k points and 20×20×25 q points. The upper limit of Matsubara
frequency is set to 10 times of the phonon cutoff frequency. The Dirac δ functions have been represented by Lorentzians
of width 80 meV for electrons and 0.05 meV for phonons.

The specific heat of layered (Mg4)2H1 is calculated from the free energy difference between the superconducting
and normal states as follows [16, 17],

∆F =− πT
∑
nkj

[√
ω2
j +∆2

nk (iωj)− |ωj |
]

×

Znk (iωj)− ZN
nk (iωj)

|ωj |√
ω2
j +∆2

nk (iωj)


× δ (εnk − εF) .

(S10)

Here, ZN represents the mass renormalization function of the normal state N , calculated by setting ∆=0 in Eq. S7.
The specific heat can be calculated from the second-order derivative of the free energy according to the following
formula,

∆C(T ) = −T d
2∆F

dT 2
. (S11)

The upper critical magnetic fieldHC(0) can be evaluated roughly by using the following equation under the condition
of Tc/ωlog<0.25 [18],

γT 2
C

H2
C(0)

= 0.168

[
1− 12.2

(
TC
ωlog

)2

ln

(
ωlog

3TC

)]
, (S12)

where Tc and ωlog are critical temperature and logarithmic average phonon frequency, respectively. The Sommerfeld
constant γ can be calculated from the following formula [18],

γ =
2

3
π2k2BN(0)(1 + λ), (S13)

where the N(0)=N(EF)/2 is the density of states at Fermi level per spin.

STRUCTURAL PROPERTY

TABLE S1. The atomic positions of layered (Mg4)2H1 with fractional coordinates.

Atom x y z
Mg 0.833333313 0.666666687 0.248129994
Mg 0.166666687 0.333333313 0.751870036
Mg 0.333333313 0.166666627 0.248129994
Mg 0.666666687 0.833333373 0.751870036
Mg 0.833333373 0.166666687 0.248129994
Mg 0.166666627 0.833333313 0.751870036
Mg 0.666666687 0.333333343 0.746699989
Mg 0.333333313 0.666666627 0.253300011
H 0.000000000 0.000000000 0.500000000
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FIG. S2. (a) Top and (b) side views of layered (Mg4)1H1. (c) Calculated phonon dispersions of (Mg4)1H1. The imaginary
frequencies clearly indicate that layered (Mg4)1H1 is dynamically unstable at ambient pressure.

FIG. S3. (a) The first Brillouin zone of layered (Mg4)2H1, where several high symmetry points are labeled by Γ, M, K, A, H
and L, respectively. (b) The simulated X-ray diffraction (XRD) pattern for the optimized (Mg4)2H1 from 10◦ to 80◦ by using
the radiation wavelength λ=1.54184 Å (Cu-Kα). Several important peaks are marked with the corresponding Miller-Bravais
indices.
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ELECTRONIC STRUCTURE AND SUPERCONDUCTING PROPERTY
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FIG. S4. The calculated band structure of layered (Mg4)2H1. Here, the blue solid line and green dashed line represent the band
structure without and with spin-orbit coupling (SOC), respectively. The completely coincident band structures demonstrate
that the SOC effect can be neglected in our calculations.

FIG. S5. The calculated band structure of layered (Mg4)2H1 shows seven bands that cross the Fermi level, each labeled with
a different color.
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FIG. S6. Spectral weight on Fermi surface in layered (Mg4)2H1. Spectral weight on Fermi surface for (a)-(g) H 1s orbital and
(h)-(n) Mg 3s orbital.

FIG. S7. (a) The calculated phonon dispersions for layered (Mg4)2H1 are encoded in color, representing Mg vibrations and
in-plane vibrations (xy direction) of H. (b) The phonon spectra are decorated with Mg vibrations and out-of-plane vibrations
(z direction) of H.
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FIG. S8. (a) The normalized distribution of the EPC strength λnk in layered (Mg4)2H1, revealing its strong anisotropy. (b)
Calculated isotropic superconducting gap ∆k as a function of temperature, in which the semiempirical Coulomb repulsion
pseudopotential µ∗ is set to 0.10. The superconducting gap ∆k vanishes at superconducting transition temperature Tc=26 K.
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