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Computational Details

Our structural prediction approach is based on a global minimization of free energy surfaces merging ab
initio total-energy calculations with CALYPSO (Crystal structure AnalLY'sis by Particle Swarm Optimization)
methodology as implemented in the CALYPSO code.!? The structures of stoichiometry Ca,,H, (m = 1-6, n =
1-2; m =4, n=3) were searched with simulation cell sizes up to 4 formula units (f.u.) at 0 K and the considered
pressures of 20, 50, 100, 200, and 300 GPa. In the first step, random structures with certain symmetry are
constructed in which atomic coordinates are generated by the crystallographic symmetry operations. Local
optimizations using the VASP code 3 were done with the conjugate gradients method and stopped when Gibbs
free energy changes became smaller than 1 x 10 eV per cell. After processing the first-generation structures,
60% of them with lower Gibbs free energies are selected to construct the next generation structures by PSO
(Particle Swarm Optimization). 40% of the structures in the new generation are randomly generated. A
structure fingerprinting technique of bond characterization matrix is applied to the generated structures, so
that identical structures are strictly forbidden. These procedures significantly enhance the diversity of the
structures, which is crucial for structural global search efficiency. In most cases, structural searching
simulations for each calculation were stopped after generating 1000 ~ 1200 structures (e.g., about 20 ~ 30
generations).

To further analyze the structures with higher accuracy, we select a number of structures with lower total
energies and perform structural optimization using density functional theory within the generalized gradient
approximation (GGA)* as implemented in the VASP code. The cut-off energy for the expansion of
wavefunctions into plane waves is set to 800 eV in all calculations, and the Monkhorst—Pack k-mesh with a
maximum spacing of 2 x 0.03 A-! was individually adjusted in reciprocal space with respect to the size of
each computational cell. This usually gives total energies well converged within ~1 meV/atom. The electron-
ion interaction was described by using all-electron projector augmented-wave (PAW) method with 3s?3p®4s?
and 1s! valence electrons for Ca and H atoms, respectively. The formation enthalpy (AH)) relative to the
elemental solids (Ca>® and CaH,*!?), was calculated at each considered pressure according to the equation

below:

n n
AH(Ca,H,) = [H(Ca,H,) — (m-2)H(Ca) — 2H(CaHy)[/(m + n), (1)

where AH; is the formation energy per atom of the given compound. H(Ca,H,), H(Ca), and H(CaH,) are
enthalpies of each Ca,,H, composition, elemental Ca, and CaH,, respectively.

To determine the dynamical stability of predicted structures, phonon calculations were performed by using
the finite displacement approach!! as implemented in the Phonopy code.!?

The electron-phonon coupling calculations are carried out with the density functional perturbation (linear
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response) theory as implemented in the QUANTUM ESPRESSO package.!* We employ the ultrasoft
pseudopotentials with 3s23p%4s? and 1s! as valence electrons of Ca and H atoms, respectively. The Kinetic
energy cutoff for wave-function expansion is chosen as 80 Ry. To reliably calculate electron-phonon coupling
(EPC) in metallic systems, we need to sample dense k-meshes for the electronic Brillouin zone integration and
enough g-meshes for evaluating average contributions from the phonon modes. Dependent k~-meshes and ¢-
meshes on Fm-3m Ca,H as well as Fm-3m A,H (A = Li, Na, K, and Rb) are used, namely, 8 x 8 x 8 k-meshes
and 4 x 4 x 4 g-meshes. We have calculated the superconducting 7, as estimated from the McMillan

formula:!415

Wiog { 1.04(1+ 1) }
12 expy — ;
T.= A-p (1+0.622) , )
Here, w)o is the logarithmic average phonon frequency, and x" is the Coulomb pseudopotential with a typical

value of 0.1. Additionally, the Allen-Dynes modified McMillan equation'¢ with factors f; and f; is exploited,

when A is greater than 1.5. The factors f; and f> depend on A, Plog> and ©2 (mean square frequency).

w 1.04(1+ A
T.=f1f2 logexp - ( )
1.2 A-p*(1+0.622)] 3)
3t
fi=|1+ ( : )2 ’
2.46(1+3.81") @)
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(—2 - 1)12
w;
fz =1+ % -
2 o @2 |3
2% +(1.82(1 + 63" )——
wlog (5)
1
- 2\2
w, = (%) (6)

The frequency-dependent EPC parameter A(w) is calculated by Eliashberg spectral function ¢?F(w),

%N 2
zfa F(w)da)
=" ¢ %

with total EPC parameter 1 shown in the 7 equation, and

1 dq
2 —
a’F(w) = EZfﬂ—wquqj(S(w - wg))
Herein, the integration is over the first Brillouin zone (BZ), with Qg as the volume of the BZ. The ¢ denotes
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the phonon wave vector. The phonon frequency of mode j at wave vector ¢ is represented by @,;. The

| JThN w2

frequency-dependent EPC parameter for mode j at wave vector ¢ is "4/ = Vqj 9/, where the linewidth

Vgj = anqu f [(dk)/(QBZ)] |gkn,kj+ qm|26(€kn —&p)0(eg 4 qm ~ £r)
for mode j at wave vector ¢ is nm BZ .

Nris the electronic density of states at the Fermi level. €kn is the energies of bands with respect to the Fermi

J
level €F at k. Here, Jknk+qm is the electron-phonon matrix element for the scattering of an electron in band

n at wave vector k state to band m at wave vector k+¢ state via a phonon with wave vector q.

Supporting Figures
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Figure S1. Calculated AH as a function of pressure of reported Ca,H with respect to Fm-3m Ca,H. The
enthalpy difference (AH) is defined as AH = H(C2/m Ca,H) — H(Fm-3m Ca,H) (blue line); AH = H(Cmcm
Ca,H) — H(Fm-3m Ca,H) (red line).
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Figure S2. The convex hull diagram with zero-point energy (ZPE) of Fm-3m Ca,H at 100 GPa.
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Figure S3. The convex hull diagram with (a) local density approximation (LDA)!” and (b) Perdew-Wang 91
(PW91)'® functionals of Fm-3m Ca,H at 100 GPa.
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Figure S4. (a) Phonon spectrum with the size of red ball denoting the contribution to electron-phonon coupling

of Fm-3m Ca,H at 100 GPa (b) Phonon density of states (PHDOS) of Fm-3m Ca,H at 100 GPa.
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Figure SS. Electron localization function (ELF) of Pm-3m CaH at 200 GPa. The ELF analysis can be used to
distinguish different types of chemical bonds. Generally, covalent bonds, lone electron pairs, and core
electrons are represented by large values (> 0.5), whereas small values (< 0.5) correspond to ionic bonds. The

ELF value of 0.5 denotes metallic bonding.
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Figure S6. Calculated work function of Fm-3m Ca,H at 100 GPa along [100], [010], and [001] directions.
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Figure S7. Electronic band structure of Fm-3m Ca,H at 100 GPa wherein there are four bands crossing the
Fermi level Er.
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Figure S8. Orbital projected electronic band structure of Fm-3m Ca,H at 100 GPa. The contribution of Ca, H
and ISQ atomic orbitals (Ca 3s, Ca 3p, Ca 3d, H, and ISQ) is illustrated by the size of the solid circles.
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Figure S9. Orbital-projected electronic band structure and projected density of states (PDOS) (states/eV/f.u.)

of Fm-3m Ca,H at 30 GPa. The size of the circles represents the magnitude of contribution of Ca, H, and ISQ.

The Fermi level is denoted by the horizontal dashed line.
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Figure S10. Orbital projected electronic band structure of Fm-3m Ca,H at 30 GPa. The contribution of Ca, H
and ISQ atomic orbitals (Ca 3s, Ca 3p, Ca 3d, H, and ISQ) is illustrated by the size of the solid circles.
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Figure S11. Fermi surfaces corresponding to the four bands crossing the Er and color coded by the Fermi

velocity of Fm-3m Ca,H at 30 GPa.
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Fm-3m Ca,H at W point

Fm-3m Ca,H at X point
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Li, Na, K, and Rb) at pressures. The results show
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Figure S13. Phonon dispersion curves of Fm-3m AH (A
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(a) Fm-3m Li,H at 100 GPa (b) Fm-3m Li,H at 100 GPa
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Figure S14. Electron localization function (ELF) of Fm-3m A,H (A = Li, Na, K, and Rb). The results
suggest that zero-dimensional (0D) electron distribution is revealed in Li,H, Na,H, K;H, and Rb,H.
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Fm-3m Li,H at 25 GPa
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Fm-3m Li,H at 20 GPa Fm-3m Na,H at 30 GPa

2:5 1.0 2.5 1.8
2.0 20| [ F)
—A
1.2
sy S1ESH - s D) =
& &
< ¥ b
1.0 - s 1.0 -
- 0.6
0.5 /\ ; 0.5
0.0 ! A | /\ I I ] 0.0 M /\ | L ! 0.0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Frequency (THz) Frequency (THz)

Figure S16. Eliashberg spectral function a’F (@) (blue area), EPC parameter 4(®) (red line), and Phonon

density of states (PHDOS) as a function of frequency @ of Fm-3m Li,H at 20 GPa and Fm-3m Na,H at 30
GPa.
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Supporting Tables

Table S1. Structural information of the predicted Ca,H.

Phase Pressure Lattice Atoms Wyckoff Positions
(GPa) Parameters (fractional)
A,°) x y z
Fm-3m CaH 100 a=4.76878 Ca (8c) 0.7500  0.2500  0.7500

b=4.76878 H (4a) 0.0000  0.0000  0.0000

c=4.76878
@=90.0000
£=90.0000
7=90.0000
Table S2. Calculated Bader atomic charge of the Fm-3m Ca,H at different pressures by the Bader charge
analysis'®.
Phases Pressur
¢ (GPa) Atoms Charge (e)
Fm-3m CaH 30 Ca 0.670
H -0.857
ISQ -0.483
Fm-3m CaH 50 Ca 0.620
H -0.810
ISQ -0.430
Fm-3m CaH 100 Ca 0.486
H -0.672
ISQ -0.300

Table S3. Laplacian of charge density VZP(T)and charge density P(") of Fm-3m Ca,H at 100 GPa.

Phases Pressure Selected Vzp p(r)
(GPa)  Atoms (e/A%) (e/A3%)
Fm-3m Ca,H 100 GPa  Ca-H 0.26176 0.0406

Ca-Ca 0.13883 0.0478
Ca-ISQ 0.00051 0.0325
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Table S4. Bader atomic charge of Fm-3m A,H (A = Li, Na, K, and Rb).

Phases Pressure (GPa) Atoms Charge (e)
Fm-3m LiH 20 Li 0.772
H -1.240
ISQ -0.304
Fm-3m Na,H 30 Na 0.640
H -0.843
ISQ -0.437
Fm-3m K;H 100 K 0.310
H -0.575
ISQ -0.045
Fm-3m Rb,H 50 Rb 0.343
H -0.637
ISQ -0.049
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Table S5. Superconducting properties of Fm-3m Ca,H and A,H (A = Li, Na, K, and Rb).

Phases Pressure A Wiog N(Ey) T.(K) fifaT. (K)
(K) (states/Ry/cell)

Fm-3m Ca,H 100 GPa 0.56  337.1 7.4 6.1
Fm-3m CaH 50GPa  0.73  251.7 10.9 9.6
Fm-3m CaH 30GPa 1.01 1555 13.1 11.1
Pm-3m CaH 200 GPa 0.52  618.1 4.4 8.9
Pm-3m CaH 100 GPa 0.84 416.9 6.7 21.5
Pm-3m CaH 50GPa 1.81 184.1 8.8 24.7 29.9
Fm-3m Li,H 100 GPa 0.54 1116.1 24 18.7
Fm-3m Li,H 50GPa  0.58 970.1 2.8 20.4
Fm-3m Li,H 30GPa 0.74  657.8 3.2 259
Fm-3m Li,H 20GPa 092 5321 3.4 32.5
Fm-3m Na,H 100 GPa 0.52  779.8 7.0 10.9
Fm-3m Na,H 50GPa  0.81 601.2 6.9 29.2
Fm-3m Na,H 30GPa 153 3389 7.0 39.4 45.7
Fm-3m K;H 100 GPa 0.35  532.0 10.2 0.9
Fm-3m RbH 100 GPa 0.6 324.0 9.2 7.4

Fm-3m Rb,H 50GPa 032 3473 10.4 0.3
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