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SPECIAL TOPIC — Structures and properties of materials under high pressure
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The particle swarm optimization algorithm has predicted a series of binary cadmium hydrides that could be dynam-
ically stable at pressures between 100 GPa and 300 GPa. These low-energy phases are composed of both Cd atoms and
H; molecules. Here, we propose a hitherto unknown metastable Cmcm-CdHg phase, consisting of one-dimensional zigzag
graphite-like hydrogenic Hg chains, quasimolecular H, units and Cd atoms, which is metallic above 290 GPa. Due to
H,; 6 — Cd d donation and Cd d — H, ¢* back-donation, the electrons occupy antibonding orbitals for both types of hy-
drogen atoms. This results in weakened chemical bonds in the Cmcm-CdHg phase via a Kubas-like mechanism, promoting
the emergence of high superconductivity, which is estimated to be up to ~ 60 K at 290 GPa. This work will inspire the
search for superconductivity in materials based on group IIB hydrides under pressure.

Keywords: high pressure, hydrogen-rich compounds, superconductivity
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1. Introduction

The search for room-temperature superconductivity re-
mains one of the greatest challenges in the field of condensed
matter physics and materials science.!!®! Hydrogen is the
lightest element in the periodic table. It was found that hydro-
gen has many significant physical and chemical properties. In
particular, Ashcroft predicted that it potentially could become
a high- or room-temperature superconductor due to its light
weight, high Debye temperature and strong electron—phonon
coupling.!”) However, this has not been proven in the maxi-
mum range of experimental pressure. Subsequently, Ashcroft
said that the addition of another element to hydrogen could
decrease its metallic pressure through the so-called ‘chemical
precompression’ method, whilst keeping all of the beneficial

10-131 Meanwhile,

properties required for superconductivity.!
high pressure has been used as an effective route to increase
the amount of hydrogen that may be stored in materials and
to synthesize novel materials such as high-temperature super-
conductors. Many new structures can be formed under com-
pression, many of which are hydrogen-rich compounds. !4l
The first successful experimental breakthrough in the super-
conducting field was the report of a superconducting critical
temperature 7; value up to 203 K at 155 GPa in the H3S

2,15

structure.[>151 A second class of hydrides with high T, values,

which were initially predicted by first-principles calculations
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and then synthesized in experiments, are metal superhydrides,
including LaH;( (250-260 K around 200 GPa),>1617] CaHg¢
(215 K at 172 GPa),!>18-201 ThH;, (161 K at 175 GPa),2!1
YH;g (220 K at 166 GPa) and YHy (262 K at 182 GPa).[17:22-24]
These presented hydrides feature quasimolecular H, units and
atomic H, as well as extended hydrogenic lattices. Such struc-
tural achievements enhanced interest in further searches for
possible high- or room-temperature superconducting hydrides.

In this paper, high-pressure structures and the supercon-
ductivity of CdH,, (n = 1-7) are investigated by a combina-
tion of the particle swarm optimization algorithm and first-
principles calculations. Under compression, group IIB ele-
ments are expected to transfer electrons to hydrogen atoms
occupying their antibonding orbitals, which might include the
decomposition of H; units and help the formation of hydrides,
which have excellent structural characteristics and play an im-
portant role in the superconducting transition. Interestingly,
a new cadmium hydride, CdHg, has been described that con-
tains two types of hydrogen atoms which are composed of one-
dimensional (1D) zigzag graphite-like hydrogenic Hg chains
and quasimolecular Hj units.

2. Computational methods

Crystal structure prediction searches were carried out us-
ing CALYPSO software!>>-?°] based on a particle swarm op-

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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timization algorithm in combination with density functional
theory (DFT). The details of this search algorithm and its
significant applications have been described elsewhere. This
method has been used to successfully predict the crystal struc-
tures of many functional materials. We performed crystal
structure searching of CdH,, (n = 1-7) within the simulation
cells of 1-4 formula units at 100 GPa, 200 GPa and 300 GPa,
respectively. The structural optimization was performed using
DFT with the generalized gradient approximation, as included
in the Vienna ab initio Simulation Package (VASP) code. The
electron—ion interaction was described by means of the pro-
jector augmented wave (PAW) method,?7-?81 with Cd 4d'°5s?
and H 1s' treated as the valence electrons, respectively.*’]
The plane-wave kinetic energy cutoff was 600 eV for pre-
cise optimizations. The dense k-point sampling was gener-
ated using the I'-centered Monkhorst—Pack scheme,*"! and
the number of divisions along each reciprocal lattice vec-
tor was chosen such that the product of this number with
the real lattice constant is 70 A to ensure that all the en-
thalpy calculations are well converged to less than 1 meV per
atom. The crystal orbital Hamilton populations (COHPs)[*!]
and the negative of the COHP integrated into the Fermi level
(—ICOHP) were calculated using the LOBSTER package!*?!
to analyze the bonding in the crystal structures. To determine
if the predicted structures were dynamically stable, phonon
frequencies were calculated using direct supercell and/or den-
sity functional perturbation theory (DFPT).[33 The supercell
approach uses the forces obtained by the Hellmann—Feynman
theorem, as performed in PHONOPY code**! DFPT and
the electron—phonon coupling (EPC) calculations were im-
plemented in the QUANTUM ESPRESSO program.3>! PAW
pseudopotentials'?®! for Cd and H elements were used with
cutoff energy of 100 Ry, and the Brillouin zone sample of
Methfessel-Paxton!3®! using a smearing value of 0.025 Ry.
We employed 12 x 12 x 15 k-point grids for all of the elec-
tronic Brillouin zone integrations and 4 x 4 x 5 g-meshes for
all of the phonon calculations.

3. Results and discussion

In this paper, we predicted nearly 300000 prototype struc-
tures of cadmium hydrides with different stoichiometries. We
find that there are no dynamically stable crystal structures in
the Cd—H ratios from 1:1 to 1:4 (Figs. S1 and S2), whereas
nine hitherto unknown phases (Fig. S3) are identified in the bi-
nary Cd—H system at ratios ranging from 1:5 to 1:7 (Figs. S4
and S5), within the pressure range of 100 GPa to 300 GPa.,
in which a novel orthorhombic structure of CdHg with space
group Cmcm is found, as can be seen in Fig. 1. Experimen-
tally, CdH; is the only identified compound within this sys-
tem. It is a solid, known only as a thermally unstable, insol-

[37

uble white powder.*”] Therefore, we choose pure cadmium

and H; molecules as chemical precursors. Since this system
is concerned with compounds that have different ratios, which
could be synthesized from Cd and H;, we analyze the two-
dimensional (2D) convex hull that plots the enthalpy of for-
mation, AH, from these two starting pure elements between
100 GPa and 300 GPa (Fig. S6). It is found that only CdHg
lies on the 2D convex hull at 100 GPa. As the pressure in-
creases up to 200 GPa, the stoichiometries that lie on the 2D
convex hull are CdHs, CdHg and CdH;. By 290 GPa, the
CdHg stoichiometry emerges as metastable. Recent reports
on binary hydrides under pressure have shown that enthalpies
calculated within the static-lattice approximation cannot be
employed as the only predictors of synthesizability. Experi-
mental parameters including the choice of the precursors and
temperatures employed can be tuned to obtain various kineti-
cally stable products. Therefore, a potential experimental syn-
thesis pathway for CdH,, is proposed via the reaction Cd +
(%Hg)n — CdH,,. The stable and metastable Cd—H phases are
shown in Figs. S3 and 1. Figure 1(a) shows the crystal struc-
ture of the Cmcm-CdHg phase along the g-axis. It can be seen
that there are 1D zigzag graphite-like hydrogenic Hg chains in
which the bond lengths between H and H atoms are 0.96 A,
while quasimolecular H, units also exist in the Cmcm-CdHg
phase, which lie in zigzag grooves. The distance of H-H bond
is 0.76 A in Hy units. This structural characteristic was first
found in hydrogen-rich compounds. The lattice parameters of
the Cmem-CdHg phase area =3.75 A, b =7.66 A, c =2.68 A,
o = f3 =vy=90°C at 300 GPa, respectively. The Wyckoff po-
sitions are as follows: Cd occupies 4c (0.50, 0.71971, 0.25);
four inequivalent positions are identified, namely, H1 occupies
4c¢ (0.50, 0.89610, 0.75), H2 occupies 4c (0.50, 0.99562, 0.75),
H3 occupies 8g (0.23782, 0.92512, 0.25), and H4 occupies 8e
(0.86584, 0.00, 0.00). The structural information of the other
eight structures can be found in Table S1.

Fig. 1. High-pressure crystal structure of the Cmcm-CdHg phase along
the a-axis, with the inset showing a one-dimensional chain of Hg rings
and H; units. The Cd (dark pink) and H (pink) atoms are represented by
the colored spheres.

Figure S6 shows the phonon band structures of the Cmcm-
CdHg phase at different pressures. It is found that there is no
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imaginary phonon vibration in the entire Brillouin zone, indi-
cating that the structure is dynamically stable in the pressure
range from 290 GPa to 400 GPa. With increasing pressure,
the acoustic phonon frequencies remain unchanged. How-
ever, the optical phonon modes obviously harden. This phe-
nomenon may lead to the weakening of superconducting prop-
erties. Table 1 gives the elastic constants C;;, bulk modulus B,
shear modulus G, Young’s modulus E, Poisson’s ratio v and
B/G ratio of the Cmcem-CdHgphase at 300 GPa. For a stable
orthorhombic phase (independent elastic constants Cyq, Caz,
C33, Ca4, Cs5, Cgg, Cr12, C13, Car3), the criteria for mechanical
stability 8] are given by

Ci1>0, Cn >0, C33>0, C44>0, Cs55 >0, Cg6 >0,
[C11 +Co2+C33+2(Cr2 + Ci3+Ca3)] > 0,

(Ci1+Cx2 —2C12) >0, (Ci1+C33—2C13) >0,
(Cya+C33 — 2C3) > 0.

Obviously, the elastic constants of the Cmcm-CdHg phase sat-
isfy the generalized Born mechanical stability criteria for sta-
ble orthorhombic structures, indicating that the Cmcm-CdHg
phase is mechanically stable. This is in accordance with its
phonon band structures (Fig. S1). To investigate its elastic-
ity, the bulk modulus B, shear modulus G, Young’s modulus
E, Poisson’s ratio v and B/G ratio of Cmcm-CdHg phase are
calculated from elastic constants, using the Voigt—Reuss—Hill
approximation.®! As can be seen in Table 1, the bulk modu-
lus B is 1012.28 GPa, shear modulus G is 168.29 GPa, Young’s
modulus E is 478.37 GPa. This structure exhibits good com-
pression resistance and rigidity. Meanwhile, the calculated
values of the Poisson ratio and B/G ratio indicate its brittle
properties. In general, when the B/G ratio is more than 1.75,
the Cmcm-CdHg phase indicates excellent ductility. The value
of the Poisson ratio is more than 1/3, it exhibits ductile behav-
ior. In the Cmcm-CdHg phase, the values of Poisson’s ratio
and the B/G ratio are 0.42 and 6.02, respectively. It is a typi-
cal malleable material.
Table 1. The elastic constants C;;, bulk modulus B, shear modulus G,

Young’s modulus E, Possion ratio v and B/G ratio of the Cmcm-CdHg
phase at 300 GPa.

System Cu Cn Cs3 Cus Css Cés Cn
CdHes | 1362.82|1456.84 | 1242.09 | 124.88 | 454.61 | 89.01 | 834.69
Cmcm Ci3 C B G E v BIG

300GPa | 899.12 | 807.83 | 1012.28| 168.29 | 478.37 | 0.42 6.02

Figure 2 shows the band structures projected onto atomic
orbitals (wide bands) (Fig. 2(a)) and the projected density of
states (DOS) (Fig. 2(b)) at 300 GPa. It is found that the con-
ductive bands are across the Fermi level (Ef) along the I -Z-T
and R—Z directions, while the valence bands pass through Ep

along 7-Y-I" and S-R (Fig. 2(a)), indicating the metallic na-
ture of the Cmcm-CdHg phase. At the same time, Fig. 2(b)
shows that there is a monoatomic H s state in the 1D zigzag
graphite-like hydrogenic Hg chains and the Cd p, d states are
found to make the largest contributions to the DOS at Ef.
Meanwhile, the H s state in the quasimolecular H, unit and the
Cd s states slightly contribute to the diminished DOS near Ef.
These results are in accordance with those of the wide bands.
There are approximately twice as many hydrogen atoms in the
1D zigzag graphite-like hydrogenic Hg chains as compared to
those in the quasimolecular Hj unit. Figure S7 shows the elec-
tronic band structures and total DOS at different pressures.
With increasing pressure, the electronic bands near Er remain
unchanged, while the total DOS also remains nearly invariant.
These results indicate that pressure has a minor impact on the
electronic properties of the Cmcm-CdHg phase.

!
0.2 04 05
PDOS

(states/eV /unit cell)

r zZ T Y r S R Z ‘

o Plane (001)
ofhe @ I EICKCI
9@ O¢ 1 .

A /I‘DCOC
19q be
b

5

()

Y

Fig. 2. Electronic structure of the Cmcm-CdHg phase at 300 GPa: (a) wide
bands illustrating the characteristics arising from the monoatomic H and
molecular Hj s states, Cd s, p and d states. (b) Projected density of states
at 300 GPa. The Fermi energy is set to 0 eV (dashed lines). (c) 3D electron
localization function (ELF), (d) 2D ELF of plane (001). (e) and (f) Fermi
surface top and side views.

In order to further confirm the bonding characteristics
of the hydrogen elements in the Cmcm-CdHg structure, fig-

ure 2(c) presents the three-dimensional (3D) electron local-
ization function (ELF) diagram of the Cmcm-CdHg phase at
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300 GPa.
gather around the hydrogen elements. It is evident that hydro-

Clearly, it can be observed that electron clouds

gen elements in this orthorhombic phase exist in two forms,
namely, a quasimolecular H, unit and monoatomic H, which
forms 1D zigzag graphite-like hydrogenic Hg chains, repre-
senting distinct charge localization modes, as can be seen inset
of Fig. 2(c). Moreover, the 2D ELF on the (001) plane, which
contains Cd atoms, monoatomic H and a quasimolecular H,
unit, is depicted in Fig. 2(d). It is clearly shown that the elec-
trons are located around the monoatomic H and quasimolec-
ular Hy unit. In the Cmcem-CdHg phase, there are two struc-
tural forms of hydrogen. At the same time, a metallic bond
is formed between the Cd atom and monoatomic H. Com-
pared with ordinary bonds, such as ionic or covalent bonds,
the metallic bonds involve weaker interactions. However, in
compounds such as metal superhydrides, this effect becomes
essential for their formation and stability. Systems exhibit-
ing such structural characteristics have the potential to become
high-temperature superconductors. In addition, Figs. 2(e)-2(f)
show the 3D Fermi surface viewed from the top and the side
at 300 GPa, respectively. It can be found that there are three
energy bands across Er. These three bands crossing the Fermi
level are labeled band 1, band 2 and band 3 in Fig. 2(a), respec-
tively, corresponding to the three-dimensional Fermi surface
(Fig. 2(e)), and distinguishes the Fermi surface pockets asso-
ciated with each crossing at Er. Meanwhile, to be clearer, we
also provide the top and side views of the individual Fermi sur-
face crossing the Ef (in Fig. S9). Evidently, there is a Fermi-
nesting mechanism within the Fermi surface. This is a typical
electronic feature, which usually exhibits high-temperature su-
perconducting properties.

To further investigate if the Kubas-like mechanism occurs
within the Cmcm-CdHg phase, we studied the negative of the
crystal orbital Hamilton population integrated up to the Fermi
level (-COHP) for selected atom pairs since it is a measure
of their bond strength (Table 2). The nearest neighbor H-H
bond lengths in the Cmcm-CdHg phase, 0.763 A at 300 GPa,
are somewhat longer and weaker than for pure solid hydro-
gen (0.756 A) (—ICOHPs of 4.08 vs. 6.21 eV/bond). More-
over, The ICOHP of an isolated H, molecule with the same
bond length as the H, unit (0.763 A) in Cmem-CdHg was
also calculated at 300 GPa. The resulting -ICOHP value is
5.15 eV/bond, which is higher than that (4.08 eV/bond) of the
Hj; unit within the Cmcm-CdHg crystal, indicating a stronger
H-H interaction in the isolated H, molecule. These differ-
ences arise from electron donation to the H; anti-bonding or-
bital within the crystal, which weakens the interaction despite
similar bond lengths. The interaction between monoatomic
H atoms with the shortest distances is relatively weakened,
with only 1.99 eV/bond. The interaction between Cd atoms
and H atoms is even lower, at 0.70 eV/bond. The value of

—COHP is positive, indicating a bonded state. Conversely,
when —COHP is a negative value, it represents an antibond-
ing state. Figure 3 shows the —COHP diagram for hydrogen
with the quasimolecular H, unit and monoatomic H with the
shortest distances in the Cmcm-CdHg phase at 300 GPa. It is
evident that the occupied bonding states in Cmcm-CdHg phase
occur below the Fermi level, indicating its stability. Electrons
in both types of hydrogen atom units occupy certain antibond-
ing states between H atoms. This is because when Cd atoms
form hydrides with H atoms, the Cd atoms transfer electrons to
the H atoms, thereby promoting the decomposition of hydro-
gen molecules. This will lead to electrons weakening the H-H
bond by occupying antibonding orbital states, the well-known
Kubas-like mechanism. [*°! With increasing pressure, the bond
strength remains unchanged (Fig. S8). This result is consistent
with Bader charge analysis (Table S2). We present the Bader
charge analysis at different pressures in Table S2. As shown
in this table, the ability of the different types of atoms in the
Cmcm-CdHg phase to gain or lose electrons remains largely
unchanged as the pressure increases from 290 GPa to 400 GPa.
At 290 GPa, cadmium loses 0.51¢, while the H atom and H
molecule obtain 0.14/0.03e and 0.14¢/0.02, respectively. With
the pressure increasing up to 400 GPa, cadmium still loses
0.51e, while the H atom and H molecule obtain 0.14/0.03¢
and 0.14/0.02¢, respectively. It is shown that the variation of
pressure has a slight impact on their bond strength, which is
rare among group IIB atoms.

—COHP
—COHP

-1

| —ICOHP=1.99 | —ICOHP =4.08

ol
-30 —-20 —-10 O 10 20
Energy (eV)

) A HE NI B B
-30 —-20 —-10 O 10 20

Energy (eV)

Fig. 3. The negative of the crystal orbital Hamilton population (—COHP)
diagram for hydrogen of the quasimolecular H, unit and monoatomic H
with the shortest distances in the CdHg-Cmcm phase at 300 GPa.

Table 2. Distance between selected atom pairs in the Cmcm-CdHg
structure and their corresponding crystal orbital Hamilton populations
(—COHPs) integrated up to the Fermi level at 300 GPa.

System Atom pairs Distance (A) —ICOHP (eV/bond)
CdH¢ H-H (H in H; unit) 0.763 4.08 (6.212, 5.15%)
Cmcm  H-H (H in atomic) 0.964 1.99

300 GPa Cd-H 1.856 0.70

2 The H-H distance in solid hydrogen molecular H, at 300 GPa is
0.756 A, with corresponding a —COHP of 6.21 eV/bond.

b The H-H distance in an isolated hydrogen pair H, with the same bond
length as the H, unit (0.763 A) in Cmcem-CdH is 0.763 A, with the
corresponding —COHP of 5.15 eV/bond.

We investigated the superconductivities of the metallic
Cmcm-CdHg phase at different pressures by calculating the
logarithmic average phonon frequencies (®og), EPC constant

086201-4
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A, the electronic density of states N(Eg) at the Fermi level
and superconductive critical temperature 7; (Table 3). At
290 GPa, the (o) of the Cmcm-CdHg phase is 440.50 K
and the EPC parameter A is 1.16. (@) is monotonically
increasing, while the A values monotonically decrease as the
pressure increases. Using the Allen—Dynes-modified McMil-
lan equation, its 7; values are 37.6-29.1 K with the Coulomb
pseudopotential u* = 0.1 in the pressure range from 290 GPa
to 400 GPa. When pu* = 0.13, its T values are 33.1-20.6 K.
Notably, a possible reason for this is the complex influence of
compression on the phonon frequencies. However, the pres-
sure has a negligible impact on the electronic structure around
the Fermi level, which basically remains unchanged. The sim-
ilar DOS behavior (N (Er)) under different pressures implies a
minor influence of electronic properties on superconductivity.
Moreover, the variant relationship of the T; values is also in-
vestigated with varying pressures. As can be seen in Table 3,
this results in the T;. values of the Cmcm-CdHg phase also di-
minishing. At the minimum stabilizing pressure, it achieves

ing properties of Cmcm-CdHg (37.6 K, 290 GPa) with non-
clathrate scandium hydrides,*"*?! including P6/mmm-ScH,
(4 K, 300 GPa), P63/mmc-ScH3 (< 1 K, 400 GPa), 14/mmm-
ScHy (68 K, 250 GPa) and P63/mmc-ScHg (29 K, 250 GPa),
in the pressure range of 250-400 GPa. None of these com-
pounds exhibit high 7;. Similar to the non-clathrate scan-
dium hydrides,*!#?1 the Cmcm-CdHg phase contains Hj units
within its structure, which could suppress the electronic DOS
at the Fermi level and, consequently, hinder the realization of
high 7;. It has been noted that this phenomenon occurs un-
der similar conditions;*!! specifically, high-pressure hydrides
with large predicted T typically feature a hydrogenic lattice
lacking quasi-molecular Hy or Hy units, as the electronic
structure of such systems is only weakly affected by the vi-
brations of the H atoms.

Table 3. The calculated EPC parameter (1), logarithmic average phonon

frequency ({(®jog), K), superconductive critical temperature with y* = 0.1

(T, K), and the electronic density of states at the Fermi level (N(EF),

states/spin/Ry/unit cell) for the Cmcem-CdHg phase and various scandium
hydrides under compression.

its maximum 7; value, i.e., 37.6 K at 290 GPa. It is well- System P (GPa) (W) (K) A T. (K) (u* =0.1) N(EF)
known that for strongly coupled systems, this method under- 200 4405 1.16 37.6 285
estimates the value of 7;. Numerically solving the Eliashberg Cmcem-CdHe 300 9261 074 372 2.84
equations provides a more accurate estimate, resulting in val- Our work 350 11833 062 29.8 2.82
. . 400 12323  0.61 29.1 2.81
ues as high as 58.9 K at 290 GPa, an improvement of 56.6%
. _ [41,42]
(see Fig. 4(d)). Moreover, we try to understand how the hy- P6/mmm-ScH, 300 435 0.44 4
- o . P63/mmc-ScH3 #1421 400 571.8  0.17 <1
drogenic motifs in the Cmem-CdHg phase influence the EPC [4/mmm-ScH, #1142 250 18918 081 63
and the predicted T, value. We compare the superconduct- P63/mmc-ScHg*1421 250 1439.8  0.57 29
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Fig. 4. Superconducting properties of Cmcm-CdHg at 300 GPa. (a) Phonon dispersion curves, where the area of the red circles is proportional
to the electron—phonon coupling parameter, A4y, for mode v at wavevector g (phonon linewidth). (b) The Eliashberg spectrum function (black
line) and the electron—phonon integral, A(®) (red solid line). (c) The projected phonon density of states (PHDOS). The blue line represents
monoatomic H in 1D zigzag graphite-like hydrogenic He chains and the green line represents H in the quasimolecular Hy unit. (d) Supercon-

ducting energy gaps at different pressures.

To further reveal the superconductive mechanism of the
Cmcem-CdHg phase, Figure 4 shows the phonon dispersions,
the projected phonon density of states (PHDOS), the Eliash-
berg spectral function a>F (@) and the electron—phonon cou-
pling constant integral A(®) for the Cmcm-CdHg phase at

30 GPa, respectively. A notable indication of the existence
of two typical hydrogen configurations in the structure is the
separation of the vibrational modes into two significantly dis-
tinct regions (Fig. 4(a)), namely, the lower and intermediate
frequencies are grouped together, and distinct from the higher-
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frequency region. The lower frequencies (below 0-500 cm™!)
are associated with the heavier Cd atoms. The intermedi-
ate frequencies (ranging from 500 cm™! to 2856 cm™!) arise
from the combination of hydrogen atoms in the quasimolecu-
lar H; unit and monoatomic hydrogen which forms 1D zigzag
graphite-like hydrogenic Hg chains. The higher frequencies
(between 3580 cm™! and 3930 cm™!) are derived completely
from the contribution of hydrogen atoms in the quasimolecular
Hj; unit. In this structure, the two phonon frequency regions
contribute 97.7%, in which the contribution from Cd atoms
constitutes approximately 32.5%, and the combined interac-
tion of H atoms in the H, unit and monoatomic H atoms con-
tributes 65.2% and 2.3% to the total A values, respectively,
as can been seen in Figs. 4(b) and 4(c). In the Cmcm-CdHg
phase, the greatest contributions (the area of red circles) to
electron—phonon coupling constant (A) are in Z-T-Y and I'—
S—R, which are two high symmetry directions. The contribu-
tion of the I'-S—R direction to the electron—phonon coupling
constant (A) primarily arises from the Cd atoms. In the Z-T-
Y direction, the contribution to the electron—phonon coupling
constant (A1) mainly originates from the collective effect of H
atoms in the quasimolecular H, unit and monoatomic H atoms.
The superconductivity of the Cmcm-CdHg structure primarily
arises from the cooperative interaction of two types of hydro-
gen atoms forming bonds in the intermediate frequency region.
Figure 4(d) presents the superconducting energy gap diagram
of the Cmcm-CdHg phase under different pressures. It can be
observed that its 7; value is estimated to be 58.9 K using the
superconducting energy gap equation, surpassing the value of
37.6 K estimated by the McMillan equation. This discrepancy
may be attributed to the anisotropy. With increasing pressure,
the value of T; decreases, which is consistent with the results
estimated by the McMillan equation.

4. Conclusion and perspectives

In summary, structural predictions have identified nine
hitherto unknown phases with unique stoichiometries in the
binary Cd—H system in the range of 100-300 GPa. We have
extensively explored the structural and dynamical stability, as
well as the electronic and superconducting properties, of cad-
mium hydrides at high pressure. We found that the low-energy
structures of the binary cadmium hydrides exhibit very low
spatial symmetry. Moreover, the metallic Cmmcm-CdHg phase
was found to be both dynamically and mechanically stable
above 290 GPa. This structure exhibits excellent ductility,
resistance to compression, and rigidity. The structural char-
acteristics of the one-dimensional Hg ring forming a folded
zigzag chain were first observed in the Cmcm-CdHg structure,
which is metastable between 290 GPa and 400 GPa. The short-
est H-H bond slightly increases compared to that in molec-
ular Hp, while the other H-H bond lengths show a signifi-

cant increase. This is primarily attributed to the charge trans-
fer from H, o — Cd d donation and Cd d — H, o™ back-
donation via the Kubas-like mechanism. The DOS at Ef is
mainly contributed by H s, Cd p and d, and it remains con-
stant with increasing pressure. The Fermi surface is nearly in-
variant across the range of dynamic stability. Electrons trans-
ferred from Cd atoms to H atoms occupy antibonding orbitals
for both types of hydrogen atoms. This weakens the strength
of chemical bonds, promoting the emergence of supercon-
ductivity. The T value of the Cmcm-CdHg phase calculated
via the Allen—Dynes-modified McMillan equation is 37.6 K
at 290 GPa, which decreases with increasing pressure from
37.6 K to 29.1 K. Numerically solving the Eliashberg equation
yields a higher T value of 58.9 K at 290 GPa. Our work pro-
vides a new understanding of the high-pressure phase transi-
tion sequences and superconducting mechanism in the Cmcm-
CdHg phase. It promotes the search for novel hydrides and
exploration of the superconductivity properties of 1D zigzag
graphite-like hydrogenic Hg chains and quasimolecular H;
units. We are looking forward to future work studying the
effect of chemical substitution on the stability and supercon-
ducting properties of phases with group IIB elements under
compression.
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