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Emerging superconductivity rules in rare-earth
and alkaline-earth metal hydrides

Ya-Le Tao," Qi-Jun Liy,"-** Dai-He Fan," Fu-Sheng Liu," and Zheng-Tang Liu?

SUMMARY

Hydrides of alkaline-earth and rare-earth metals have garnered significant interest in high-temperature
superconductor research due to their excellent electron-phonon coupling and high T.upon pressurization.
This study explores the electronic structures and electron-phonon coupling of metal hydrides XH,, (n =
4,6), where X includes Ca, Mg, Sc, and Y. The involvement of d-orbital electrons alters the Fermi surface,
leading to saddle-point nesting and a charge density wave (CDW) phase transition, which opens the super-
conducting gap. For instance, in YH,, the exchange coupling between Y-4d and H-1s holes in the phonon
softening region results in T, values up to 230 K. The study suggests that factors, such as the origin of the
CDW order, hydrogen concentration, and d-orbital contributions are crucial to superconductivity. This
work proposes a new rule for high T. superconductors, emphasizing the importance of double gaps
and electron-phonon interactions at exchange coupling sites, and predicts potential high-quality super-
conductors among rare-earth hydrides.

INTRODUCTION

Realizing room temperature superconductivity is the eventual target of superconductivity characterization studies. For the simplest element-
hydrogen, it has been predicted that metallic hydrogen may become an ideal high-temperature superconductor because it possesses a light
mass and high frequency.' Theoretically, it is possible to dissociate hydrogen molecules under pressure and thus achieve metallization. The
weakening of molecular bonds accompanied by an increase in pressure was found in the high-pressure phase diagram of hydrogen.” So, it is
theoretically possible to synthesize metallic hydrogen under high pressure. A number of recent experimental studies have proposed the
thesis of hydrogen metallization,”” because the hydrogen atom has the smallest nucleus, it shows strong moving behavior. As a result,
hydrogen atoms often enter the interior of the high-pressure device diamond, thus damaging the device. Therefore, metallic hydrogen
has not been successfully synthesized in experiments.

However, Ashcroft's research points out that the pressure required to convert hydrides to metals may be lower than that of pure hydrogen.
This suggests that the process of hydrogen metallization may be accelerated by adding complex chemical reactions. The addition of other
atoms to pure hydrogen has a “pre-compression” effect that reduces the pressure required for metallization.® Based on the Bardeen-Cooper-
Schrieffer (BCS) theory, hydrides, as a phonon-mediated conventional superconductor that does not involve strong correlation, the Allen-
Dynes formula can be used to calculate the T value to achieve the predicted effect.” In 2012, Ma et al. predicted that CaH, with cage structure
could reach a high T, of 215K,'® and in 2022, the experiment successfully synthesized CaH,.'" The measured T, value is basically consistent
with the predicted value. Duan et al. predicted that the T, value of H3S at 200 GPa was 204 K in 2014,'? and then reported that the T, value of
H3S successfully synthesized at 155 GPa was as high as 203 Kin 2015."* In addition, in 2017, Liu et al. predicted theoretically that the T, of LaH;q
could reach 274 K at 250 GPa,'" while the T of LaH;q synthesized experimentally in 2019 could reach 260 K at 150 GPa,'® which is the highest T
among metal hydrides synthesized experimentally at present. In summary, it can be seen that the theoretical predicted T, values are basically
consistent with the experimental results, which indicates the reliability of the prediction of hydride superconductivity by using the traditional
BCS theoretical formula. Along with this idea, scholars flocked into the study of hydride superconductivity. Hundreds of innovative hydride
structures were predicted or experimentally synthesized.'®?® New structures were obtained according to recent studies: CeHs,”” ThHq0,%°
PrHo,>” ScHe,™® YH10,"* AcHio,%" SrHq0,%2 HfHq0,% MgH12,34 and MoH1;.%° Most high T. metal hydrides are composed of metals located at
the boundaries of the s/p and s/d bodies, a region known as the “instability zone"”, between main groups 2 and 3; the main reason for this
may be the powerful electron-phonon reactions due to the small energy divergences between the orbitals.

Based on this view, we turn our attention to alkaline-earth and rare-earth metal hydrides. Notable among them is the binary hydride LaH1,
which is known for its T, values of up to 260 K.">***’ It consists of a three-dimensional hydrogen lattice and La atoms with a large number of
hydrogen ligands around the La atoms and has been described as a stable metal-like hydrogen structure with the La atoms providing elec-
trons to the guests. Similarly to LaH o, certain alkaline-earth metal and rare-earth metals hydrides form hydrogen units under pressure, which
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contributes to the stability of the structure and is accompanied by high-temperature superconducting properties.*® Among them, CaHy has a
tendency to dissociate hydrogen molecules to form hydrogen atoms under pressure, but the T, value is only 30 K.***° In contrast, MgH,4 ap-
pears as a new high-pressure phase l4/mmm at 255 GPa, which can reach a T.value of 81 K.*' Moreover, originating from the electron-phonon
coupling related to the mid-frequency mode vibrations of the hydrogen atom, both ScH, and ScHg are superconducting at 200 GPa and 130
GPa, with T, of 98 K and 129 K, respectively.”” Analogously, CaH,, famous for its cage-like structure, reaches a high T, of 235 K due to the
distinctive shaped square H, unit it forms."®

Although previous studies have individually reported the superconductivity of various structures, a comprehensive understanding of
the mechanisms underlying high-temperature superconductivity, particularly the distinctions in superconductivity induced by hydrides of
the second main group and the third subgroup, remains elusive. In order to demystify these enigmas, the hydrides represented by the
elements Ca, Mg, Sc, and Y are investigated in this paper. With the use of the controlled variable method, we have systematically analyzed
the impact of the metallic elements and stoichiometric number of hydrogens on the superconductivity of the second main group and third
subgroup hydrides based on the variations of structural electrical properties and the electron-phonon reaction. The aim is to seek the differ-
ences in the superconductivity laws at the unstable bands and to explore where the superconductivity mechanism of different structures lies.
Ultimately, a new rule for high T, superconductivity will be proposed.

Computational methods
The calculations are proceeding by the plane wave pseudopotential method using the QUANTUM ESPRESSO package.**™° The optimized
norm-conserving vanderbilt pseudopotentials (ONCVPSP)* are employed to simulate the electron-ion interaction and generalized gradient
approximation (GGA-PBE) to describe the exchange and correlation potential. The wave functions cutoff and the charge density cutoff are set
as 100 Ry and 400 Ry. The first Brillouin zone (BZ) is sampled by applying 36 X36X% 36 k mesh by Gaussian smearing with a width of 0.02 Ry to
perform BZ integrations. The internal atomic locations are complete relaxation with a force of critical values of 10 meV/A. The wannier90 inter-
polation is utilized to estimate FSs and visualize counting results by FERMISURFER software. The phonon dispersion and electron-phonon
coupling (EPC) are founded on the basis of density functional perturbation theory” and computed with a 9xX9x9 g-point grid.

The electron-phonon interaction matrix element gk v which determmes the probability amplitude of scattering of electrons in response to
crystal momentum transfer. It is determined by the foIIowmg equation™®

1
Qz‘qv _ (2I\quv)2(\1’:k dVSCF By Wj.km) (Equation 1)
The phonon linewidth v, formula is as follows:
Zﬂ-quZ/dsk‘quv fq‘i - €F)6(6k+q,j - €F) (Equation 2)
The modal resolution magnitude of EPC 4q, is given by*”:
Aqv = Wq:)wgv (Equation 3)

The Eliashberg electron-phonon spectral function a?F(w) and the EPC constant 4 are calculated by

1 Yav
2F(w) = W(EF);: 6(w - qu)fﬁlw (Equation 4)
F
A= Z gy =2 / CF) g, (Equation 5)

where N(er) is the electronic DOS at the Fermi level. wq, is the phonon frequency.
The acoustic branch electron-phonon coupling constant A, and the optical branch electron-phonon coupling constant Ao were calcu-
lated separately:

w2
Aae = 2/ L(w)dw (Equation 6)
0 @)
®max ZF
Aopt = 2 / #dw (Equation 7)

Here, w1 represents the maximum phonon frequency of the acoustic branch.
At last, the superconducting transition temperature is obtained by the full Allen-Dynes equation:
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Figure 1. Crystal structure and band structure of XH, and XH,
(A) Structure of XH,. Here, the pink balls present hydrogen atoms, the blue balls present metal atoms (X = Ca, Mg, Sc, and Y).
B) Structure of XH,. (the element presented by atoms of different colors are same as aforementioned).

(
(C) Hs and Hg units.
(D) Band structure of MgH, and ScHe. Here, MgH, has three bands crossing the Fermi energy level, while ScHg has six.
Wio, —1.04(1+2) .
Te = i ZDexp|l o Equation 8
< =Ny P T T (1+0.622) (Eq )

Here, u* is the effective shielding Coulomb repulsion constant (the values taken in this article are all 0.1). wjoq is logarithmic measurement
average of phonon frequency.
The correction factors f;, f, expressions are respectively:

1

3\3
A i .
Y P Equation 9
h {”{2.46(“3.8#*)” (Equation ¥

G-
f2=1+ Wlog

2
1243.312(146.3u)? (&)

Wlog

(Equation 10)

To account for the calculation of Fermi surface nesting, we first define the real part of the electronic susceptibility x’ as:

X’(CI) = ZM (Equation 11)

X €k — €kiq
The Fermi surface nesting function x”, as the imaginary part of the electronic susceptibility, is defined as:

lim,—oX"(q,w) Jw = Zé(e k=€F)0(E kg€ F) (Equation 12)
P

RESULTS AND DISCUSSION

Atomic structure

As illustrated in Figures 1A and 1B, the two different kinds of hydride systems are XH, and XHy, where X represents Ca, Mg, Sc, and V. It is
worth noting that to ensure the credibility of the calculations, the subjects of this study were predicted in previous reports to be thermody-
namically stable or even experimentally synthesized. Similar to the XH, system, the XH, also exhibits a kind of “cage-like” structure. The key
distinction lies in the fact that XH4 possesses a tetragonal (I4/mmm) structure, incorporating hydrogen molecules but not forming a tradition-
ally complete, closed hydrogen cage. In stark contrast, the structure of XH, showcases a remarkable body-centered cubic form, with the space
group being Im 3 m, composed solely of metal and hydrogen atoms. It is recognized that pressure-induced formation of hydrogen units can
ultimately lead to the emergence of a superconducting state.'” Referring to Figure 1C, it's notable that upon compression, XH, and XH, form
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the corresponding He and Hy units, respectively. Indeed, this unique hydrogen unit structure not only promotes structural stability and
metallization but also facilitates superconducting properties.® Furthermore, the enhancement of EPC may be observed as the energy level
difference within these hydrogen units increases.

Electronic structures

Regarding the electronic properties, our primary focus is on the band that intersects the Fermi energy level. As observed in Figure 1D, MgH,
exhibits only three bands crossing the Fermi energy level, in contrast to ScHe, which features six bands intersecting it. The band structures of
the other substances are comprehensively detailed in Figure S1. Clearly, in comparison to MgHj, the band structure of ScHy is primarily
augmented by several electron pockets. Concurrently, except MgHy, the band structures of the XHg system all exhibit small pockets of elec-
trons converging at the I' point, manifesting as saddle points. The density of states (DOS) for both XH; and XH, systems exhibits Van Hove
peak singularities, as shown in Figure S2. These singularities are associated with the presence of electron pockets in the band structure.
Notably, in the cases of CaH, and YH,, the peaks are predominantly occupied by the d-orbitals of the metal atoms and the s-orbitals of
the H2 atoms in conjunction. In contrast, for ScH, and MgHy, the s-orbitals of the H2 atoms play a more dominant role. Therefore, we hypoth-
esize that the specific type of orbitals predominating the peak density of states at the Van Hove singularity position can significantly influence
the electronic properties of the material.

To investigate the electronic properties near the Fermi energy level with greater specificity, the 3D Fermi surface and 2D Fermi surface
sections of XH, and XHy are depicted in Figures S3 and S4, respectively. As we can see, many irregular spherical and ribbon-like sheets of
FSs exist here along with BZ edges constituting complex FSs for XH, as well as XHg. More specifically, within the XH, system, a distinct sub-
division into two types of Fermi surfaces (FSs) is observed. This is characterized by spherical FSs centered around the T" point, predominantly
observed in CaH, and MgH,. Conversely, ScHy and YH, are mainly characterized by a large number of ribbon-like FSs located at the edges of
the BZ. However, For the XH, system, a common feature is the presence of triangular conical FSs at the boundaries of the BZ. Exceptionally, in
CaHg, ScHe, and YHq, there are additional “nesting style” sphere-like FSs centered at the I points. This nested spherical FS formation is attrib-
uted to the emergence of several electron states in bands that intersect the Fermi energy level. The colors depicted on the FS indicate relative
Fermi velocities (vp). Intriguingly, in all structures except YH, and ScHy, the hole states exhibit higher v than the electron pockets, a
unique property that may enhance EPC. This part will be focused on in later chapters. Indeed, in general terms, the scope of EPC is typically
considered to encompass a small range of shells near the FS as its primary area of influence. Consequently, the size and nature of the FS
directly impact the role and effectiveness of EPC. As will be described, alkaline-earth hydrides and rare-earth hydrides exhibit distinctly
different natures to the FSs and their EPC mechanism is also markedly divergent.

Phonons

To elucidate the characteristics of crystal vibration more precisely, the phonon dispersion diagrams of MgH,4 and ScH, are displayed in Fig-
ure 2. The phonon dispersion diagrams for the other substances are available in Figure S5. A notable distinction between the XH, and XH,
systems lies in their hydrogen atom composition. The XH, system comprises two types of hydrogen atoms: one derived from a hydrogen
molecule and the other being an ordinary hydrogen atom. The investigation reveals that the vibration of the H1 atom, originating from
the hydrogen molecule, predominantly contributes to the high-energy zones. This is attributed to the inherently high vibrational
frequency of hydrogen molecules. Middle energy zones, mostly be provided by H1 and H2 atoms vibration together. Metal element vibration
is contributed to the low-energy zones consisting of three acoustic phonon branches. Peculiarly, the contribution of the metal elementin ScH,
to the medium zones cannot be overlooked. Furthermore, considerable phonon softening is observed along the I'-X-P paths. Building upon
the phonon softening mechanism outlined in prior studies, the EPC constants grow accompanied by the phonon softening, which may elevate
the superconducting transition tcz.'mp(—jrature-.50

Also, as for the XH, system, there is only one type hydrogen atom vibration, but it covers almost the entire region of low-medium-high
energy. Metal atom vibration still contributes mainly to three low-energy acoustic branches. The phonon softening accompanying the singu-

" and is

larity is evident in these systems, which corresponds to the production of electron-hole pairs with a constant overall momentum,
related to the fact that the radius of curvature of the FSs in the singularity range is larger than the limiting momentum of sphere Fermi surfaces.
As mentioned earlier, remarkably, the appearance of the small electron pockets and holes in the Fermi surface in the XH,. Here, the appear-
ance of phonon softening corresponds to the path where the holes are located. However, the location where appear phonon softening in ScHy
corresponds to the small electron pockets. Since the phonon softening accompanying the singularity corresponds to a strong electron-
phonon interaction, we hypothesize that the phonon softening region will be the chief contributor to the EPC, which may be localized in
the small electron pockets near the FS of the ScH, structure. This unique phenomenon may impart distinct properties to ScHe, differentiating

it from other structures.

Electron-phonon interactions

The phonon modes that contribute most significantly to the EPC are evident in the phonon linewidth plots displayed in Figures 2, S5, and Sé.
For the XHy system, it is mainly the in-plane vibration of the H2 atom in the xy direction that dominates the EPC. Exceptionally, the out-of-
plane vibration of the H1 atoms in the z direction contributes less to the EPC. This differential contribution is attributed to the positioning of
the H1 atoms within the hydrogen molecule, which leads to a higher vibrational frequency for these atoms. Unfortunately, it is not guaranteed
that all high-frequency phonons are fully thermally excited, which results in a lower participation of these phonons in electron scattering.

4 iScience 27, 110542, August 16, 2024
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Figure 2. Phonon dispersion and Eliashberg spectral function of MgH, and ScH,¢

(A and B) The figures represent MgH, at 255 GPa and ScH, at 285 GPa, respectively (a—c) calculate the phonon dispersion diagram of the structure, highlighting
the contribution to the different of the elements to the mode. H1 represents atoms in hydrogen molecule and H2 represents the ordinary hydrogen atom. Where
red represents in-plane vibration in the xy plane and blue represents the out of plane in the z direction (For ScHe, since there is only one type of hydrogen, the
numbering of the properties calculated later is reduced sequentially by one.). (d) Calculated the phonon linewidth and the size of the blue circle is proportional to
the amount of 14, value. (e) Eliashberg spectral function &’F(w) and Aw).

Specifically, in the XH,4 system, the electron-phonon interaction is even lower due to the presence of hydrogen molecules. This leads to a
reduced concentration of hydrogen ions and consequently a smaller EPC constant A, which only reaches up to 1.16. In the case of ScHy,
the vibration of the Sc atom in the z direction at intermediate frequencies also contributes to the EPC. This specific vibrational mode is a direct
factor in the low optical A of ScHg, with relevant data presented in Table 1. Generally, in the XH, structure, medium-frequency vibrations along
the xy direction, predominantly driven by H2 atoms, are favorable for enhancing the EPC. Interaction with the phonon in the peak region near
the Fermi level leads to the softening of the phonon in the middle-frequency band while dominating the EPC. Meanwhile, based on the

50 the reduction in phonon frequency is accompanied by an increase in the A. This rationally explains why

“phonon softening mechanism,
Aopt Values are greater than A,c.

In contrast, the hydrogen atoms in the XH, structure vibrate in full space to co-dominate the EPC. In this case, the EPC predominantly arises
from the T" points and the region where optical branch softening occurs. Specifically, unlike XHy, the strong interactions between the optical
phonon modes due to the high amount of hydrogen ligands in the structure and the electrons belonging to the broadband state culminate in
the strong EPC of XHg as well as the high T. It can also be seen by comparing the A,c and A, values between the XH, and XH, systems that
the total A in the XH, system is predominantly influenced by Ao, attributable to the optical branch EPC contributions from hydrogen. This
is the underlying reason for the elevated A in the XHg4 system. Conversely, in the XH, system, the presence of hydrogen molecules diminishes
the value of Ay, thereby resulting in a comparatively lower total A value. Here a two-gap model is imported in the XH, system due to the
emergence of the double-peaked DOS near the Fermi energy level. And the extra superconducting gap corresponds to the excitation of
small electron pockets. For normal high T, structures, the difference in momentum between the different bands results in the missing inter-
band pairing. However, the existence of a second energy gap creates an extra pairing channel so that pairs within each band must be con-
cerned with the existence of another band, which means that the electrons at the small electron pockets can absorb phonons, and thus inter-
band scattering to occurs, with Cooper pairs forming from the small packet of electrons that transition to the vicinity of the bulk Fermi surface.
Thus, this reasonably interprets the high T. and EPC major contribution of CaHs, MgHe, and YHs. The low v at the electron pocket and the
high ve corresponding to the phonon softening region of hole states can prove that a large number of electrons are involved in the transport
process that occurs in the phonon softening region, which is the main field for EPC to take place. Intriguingly, unlike the other structure, the
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Table 1. Electron-phonon coupling constant A, acoustic branch electron-phonon coupling constant 4, optical branch electron-phonon coupling
constant Ay, and superconducting transition temperature T. for the XH, and XH, systems

This work Reference
Pressure (GPa) w* A Aac Aopt T. (K) T (K)
CaH,4 160 0.1 0.1 = = = =
MgH, 255 0.1 0.812 0.115 0.697 84.63 89+
0.12 75
0.13 71
ScHy 120 0.1 1.142 0.257 0.885 108.4 102-113°2
0.12 83
0.13 79
YH,4 120 0.1 1.132 0.217 0.915 92 84-95°
0.12 81
0.13 76
CaH, 150 0.1 2.628 0.411 2.217 220 235%
0.12 211
0.13 206
MgH, 300 0.1 2.451 0.362 2.089 255 265"
0.12 245
0.13 240
ScH, 285 0.1 1.379 0.403 0.976 134 130-147%°
0.12 128
0.13 124
YH, 120 0.1 3.212 0.636 2.576 230 247%
0.12 220
0.13 215

contribution of EPC of ScHg is localized in the small electron pocket with high ve. We hypothesize that strong intraband scattering occurs
mainly at the electron pocket thereby generating the Cooper pairs, while it is insensitive to the interband pairing. And the phonon softening
is not significant, with a relatively low value of A = 1.37.

Superconductivity

Now, focusing on the superconductivity of the XH, and XH, systems, the Allen-Dynes formula has been utilized to compute the supercon-
ducting transition temperature. For these calculations, the empirical parameter u” was uniformly set to 0.1-0.13. The reliability of this
approach is evidenced by the congruence of our calculated results with previously reported data, as detailed in Table 1. Then, the T, of
the XHg system is well above XH,4, where MgH, reaches the highest value of 255K. This primarily stems from the strong EPC and the large
value of A. For the traditional BCS formula, both the density of states at Fermi level and the maximum phonon frequency .. will play a deci-
sive role in the T, value. Compared with XH,; and XH, systems, the maximum phonon frequency in XHg system is generally greater than that in
XH, system, which is due to the high concentration of H in XH, system. With the increase of w,,.x under pressure, the EPC constant A strength
may be enhanced. However, increasing pressure will significantly weaken the density of states at the Fermi level. For MgH,, the density of
states at Fermi level at 300 GPa is significantly lower than that of other substances (see Figure S2). It can be seen that the change of parameters
related to T.under pressure is very complex. But no direct equations are used in this work to quantitatively describe the relationship between
the density of states at the Fermi level and w.x and pressure values respectively, the figures shown in Table 1 are only empirical estimates. We
mainly use the superconducting quality factor (S)*° for each structure to better balance and understand the relationship between applied
pressure values and T.. It is noteworthy that higher values of the quality factor are indicative of superior superconductivity. As illustrated in
Figure 3, the majority of the structures exhibit a low-quality factor (less than 1), with only CaHs and YH, demonstrating values between 1
and 2. Remarkably, YH, exhibits a quality factor even larger than the well-known superconductors H3S and LaHo. This suggests that YH,
can be considered an exceptionally excellent quality high-temperature superconductor.

Indeed, the phase transition of the charge density wave (CDW) and the superconducting state exhibit a noteworthy correlation. Then, EPC
and Fermi-surface Nesting are typically discussed as pivotal factors contributing to the induction of CDW. Here, the calculation of the nesting
function, as delineated in Figure 4, demonstrates a pronounced peak at the T" point for all the structures. The nesting strength in the XH,
system is notably more pronounced, with the topology of the Fermi strongly nested band can be seen in Figure S4. However, apart from
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Figure 3. Superconducting quality factor under pressure for each structure
The yellow ball represents the H3S and LaH1 as comparison; square represents the structure of the XH, system; red pentagram represents the structure of the
XH, system and the gray blob represents the structure reported in existing references.

the ScHy and CaHg structures, the contributions to EPC have primarily concentrated in the phonon softening regions outside the I" point. This
gives us the insight that for the XH, and XHg structure, further consideration of momentum-dependent EPC is needed to explain the phonon
softening as well as the origin of the CDW,”® particularly for ScHe and CaH,, mainly as a result of strong Fermi surface nesting. Subsequently,
the CDW transition is discussed next. The phonon softening brought about structure instability, the CDW transition occurs when the
temperature falls below Tcpw, energy gap opens up near the Fermi energy level. Here, in addition to MgH, and MgHg, the exotic sight of
saddle-point nesting occurs in the XH, and XHg systems. The interband transition in states approaching the saddle point is strengthened.
This demonstrates that the energy gap modifies the quasiparticle scattering in its bands with saddle points close to the Fermi energy level,
and with the forming of an energy gap, the DOS at the saddle point decreases and shifts to form the energy gap. The peak of the DOS value at
the saddle point near the Fermi energy level is observed to be low. This observation suggests a close association between saddle-point nest-
ing and the CDW transition. Consequently, the primary factor dominating the CDW order may be the underlying cause of the differing super-
conducting mechanisms in the XH, and XH, systems.

d-orbital effects

As previously noted, the hole states and the electronic states formed at the Fermi surface by the bands intersecting the Fermi energy levels
serve as the principal sites for EPC. In Figure 5, we present the contributions of different orbitals in each structure to the hole state and the
electronic state. Here, the presence or absence of d-orbital electrons outside the nucleus of metallic elements is considered as a key differ-
entiating factor. Firstly, for MgH,, (n = 4,6), the EPC predominantly originates from the interaction between electron transport and phonon
softening regions. These regions include extensive areas of hole states characterized by high v at the Fermi surface. It is noteworthy that
the s-orbital electrons of H in MgHy dominate the hole states and the DOS peak near the Fermi energy level is essentially provided by the
s-orbital of H (Figure S2), which is a direct factor leading to its high T.. Meanwhile, for structures with d-orbital electrons involved, the sad-
dle-point nesting spectacle occurs at " points, which echoes the calculation of the nesting function. We believe that the involvement of
d-orbital electrons is the key to saddle-point nesting. Among them, ScH,; and YH,, the DOS peaks at the saddle points are provided by
both H-1s orbitals and metal element-d orbitals (see Figures S2 and S7), and the Fermi surface consists of a large area of blanket-like hole
states, the d-orbital of metallic elements and H-1s orbital electrons are involved in electron transport and EPC. However, the presence of
hydrogen molecules in the structure rather reduces the H concentration in the structure. As a consequence, the participation of d-orbital elec-
trons from metal elements becomes more dominant in the EPC process, which suppresses its T,.

Shifting our focus to the XHy system, we particularly concentrate on the high T, structure of YHs. In this case, the H-1s orbitals have the
largest share of the Fermi surface, followed by the Y-d orbitals. For the saddle point, the excitation of electrons at small electron pockets
is mainly considered, and with the increase of scattering intensity, interband scattering occurs and transitions to a large Fermi surface
(hole) to form a Cooper pair. In addition, for the hole states with high ve corresponding to the phonon softening region, there are three types
of Y-d orbitals, namely, A} (d,2), E' (d 2 _ ,2), and E” (dlz). Derived from the idea of doping, the addition of Y-4d holes moves toward the hole
conduction of the ligand H-1s. Its ligand hole wave function is regarded as a linear combination of the H-1s orbitals with several d orbitals
mentioned above, which ultimately completes the exchange coupling between Y-4d and H-1s holes in the phonon softening region. Due
to the combination with the high-energy state Y-4d holes, the lowest energy hole single-line state is reached. This is the essential reason
why YH, reaches T values as high as 230 K, quite different from MgHe.

In the case of ScH,, the CDW order is primarily attributed to Fermi surface nesting. The 3D Fermi surface analysis reveals that the second
band crossing the Fermi surface exhibits both hole and electron characteristics. However, these two structures are “sticky,” as seen in Figure S8.
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Figure 4. Calculated Fermi nesting function of XH; and XH¢ (X = Ca, Mg, Sc, and Y; Since CaH, in the I4/mmm phase was calculated not to be
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This “stickiness” implies that the hole and electron states are intimately connected, forming a closed state. Additionally, the partial DOS (PDOS)
peak of H-1s has a deviation distance from the total DOS (TDOS) and Y-3d peaks. We hypothesize that this special interaction leads to a severe
interference of the hole with the electron pocket, which prevents Sc-3d and H-1s holes from coupling. This is related to the influence of the
periodic potential field on the electrons, as the high-ionization energy of the metal element Sc leads to a strong binding effect of the extra-
nuclear electrons by the periodic potential field. Consequently, in the case of ScHg, the electronic and hole structures uniquely exhibit this pro-
nounced interference effect, where they are completely interconnected. This scenario, combined with the fact that most of the EPC in ScHg is
localized within small electron pockets and does not extend to larger areas of the Fermi surface, results in a relatively lower T, of only 133 K.

Conclusion

In conclusion, our study delved into the electronic structure, EPC, and superconductivity of alkaline-earth and rare-earth metal hydrides XH,,
(n = 4,6). We found that the presence of hydrogen molecules in XHy results in a lower concentration of hydrogen ions, which correlates with
lower superconducting transition temperatures. The highest T. recorded within this group was 108.4 K for ScH,. For structures where d-orbital
electrons participate in the electron-phonon interaction, a double-gap model was introduced for CaHg, ScHe, and YHe. In this model, an addi-
tional superconducting gap corresponds to the excitation of a small pocket of electrons. Our analysis of the superconducting quality factor
and CDW order revealed that the CDW order in YH, is induced by strong EPC. Furthermore, YHy exhibits an exceptional superconducting

8 Figure 5. Divided into two parts using the Fermi energy level as the dividing line, above
YH, the Fermi energy level represents the hole structure corresponding to the Fermi
6 ScH, CaH surface, and below the Fermi energy level represents the electronic structure
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:;B oL H _____ =1 e e ) S ‘EF represents atoms in the hydrogen molecule and H2 represents ordinary hydrogen atoms.
gl TeN— WA —
g ]:J =y B == \:{Q ¥
-2
s-orbital(Ca/Mg)
41 _s-orbital(H1)
6t s-orbital(H2)
d-orbital
-8 —

8 iScience 27, 110542, August 16, 2024



¢? CellPress

OPEN ACCESS

iScience

quality factor, close to 2, positioning it as an outstanding high-temperature superconductor due to its strong EPC-induced CDW order. Ul-
timately, we propose an innovative rule for high-temperature superconductivity: the presence of a double gap, with EPC predominantly
concentrated in phonon softening regions involving high-energy states and H-1s hole couplings. This rule suggests that rare-earth elements
with lower ionization energies could form high T, hydrides, paving the way for discovering efficient superconducting materials.

Limitations of the study

This study provides valuable insights into the electronic structure, EPC and superconductivity of alkaline-earth and rare-earth metal hydrides
(XH,, n = 4,6). However, limitations include the need for further experimental validation of hydrogen ion concentrations’ direct impact on
superconducting transition temperatures, refinement of EPC models for accurate T, predictions across diverse hydride systems, and broader
validation of proposed rules linking double gaps and EPC-induced CDW order to high-temperature superconductivity. Addressing these lim-
itations will enhance our understanding and application of these materials in superconducting technologies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
All analyzed data This Study

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead contact, Qi-Jun Liu (E-mail: gijunliu@home.swjtu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

No experimental model and participant in this study.

METHOD DETAILS

Specific methods

The calculations were conducted using the plane wave pseudopotential method implemented in the QUANTUM ESPRESSO package. To
simulate the electron-ion interactions, we employed optimized norm-conserving Vanderbilt pseudopotentials (ONCVPSP). The exchange
and correlation potential were described using the generalized gradient approximation (GGA-PBE). We set the wave function cutoff energy
to 100 Ry and the charge density cutoff energy to 400 Ry. For Brillouin zone integrations, we utilized a 36 X 36x 36 k-point mesh with Gaussian
smearing of 0.02 Ry. The internal atomic positions were fully relaxed until the forces converged to a critical value of 10 meV/A. To estimate
Fermi surfaces (FSs) and visualize the results, we used Wannier90 interpolation, followed by visualization with the FERMISURFER software. The
phonon dispersion and electron-phonon coupling (EPC) calculations were based on density functional perturbation theory (DFPT) and were
performed using a 9 x 9x9 g-point grid.

Electronic structure calculations
(1) Density Functional Theory (DFT) calculations were performed using Quantum ESPRESSO.
(2) The electronic structure was calculated with a plane-wave basis set and an energy cutoff of 100 eV.
(3) A Monkhorst-Pack k-point mesh of 36 x 36Xx36 was used for Brillouin zone integration.

Phonon calculations and electron-phonon coupling (EPC)
(1) Phonon calculations were conducted using Density Functional Perturbation Theory (DFPT).
(2) Electron-phonon coupling (EPC) was analyzed using the Eliashberg spectral function, and the electron-phonon coupling constant, A.
(3) The superconducting transition temperature (T.) was estimated using the McMillan-Allen-Dynes formula.

CDW analysis
(1) The presence of the charge density wave (CDW) phase was determined by inspecting the Fermi surface and identifying saddle-point
nesting.
(2) Superconducting gaps were calculated and analyzed for double-gap features, particularly in systems involving d-orbital electrons (e.g.,
CaHé, SCHé, and YH(/;,)

All computational parameters and methods were selected to optimize the balance between computational cost and accuracy. Results
were carefully validated by comparing the calculated values with experimental data where available.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Superconducting properties were quantified using Density Functional Theory (DFT) calculations with Quantum ESPRESSO. Electronic struc-
tures were calculated with a plane-wave basis set and a [specify energy cutoff, e.g., 100 eV] energy cutoff, using a Monkhorst-Pack k-point
mesh of [specify grid density, e.g., 36 X 36 X 36]. Phonon calculations were conducted using density functional perturbation theory
(DFPT), and electron-phonon coupling (EPC) was analyzed via the Eliashberg function and coupling constant A. The superconducting
transition temperature (T was estimated using the McMillan-Allen-Dynes formula. Calculations were repeated for convergence and repro-
ducibility, with key parameters validated against published data. Charge density wave (CDW) phases and superconducting gaps were
analyzed, particularly in systems with d-orbital electrons (e.g., CaHe, ScHe, YHq). All computational parameters and methods were optimized
for accuracy and validated with experimental data where available.

ADDITIONAL RESOURCES

Additional resources, including supplementary data, computational codes, and detailed methodological protocols, are available upon
request from the lead contact. All supplementary materials are intended to enhance the reproducibility and transparency of the study,
providing comprehensive insights into the experimental and computational approaches employed. For access to these resources, please
contact [lead contact, Qi-Jun Liu (E-mail: gijunliu@home.swjtu.edu.cn)]. The supplementary data include raw and processed data files, input
files for computational simulations, and step-by-step protocols for the methodologies described in this study. These resources aim to support
further research and validation efforts within the scientific community.
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