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Abstract

The discovery of cage hydrides (Y,Ca)H,, (La,Ce)H,, and (La,Y)H,, indicates the appeal of ternary hydrides as
contenders for high-temperature superconductors. Herein, we systematically studied a La-Sr-H system and
predicted interesting stable and metastable hydrides at 200 GPa by first-principles calculations. The results
revealed that LaSrH,, has a high superconducting transition temperature (T.) of 211 K at 200 GPa, mainly attributed
to its unique H,, rings. LaSrH,,, LaSr,H,, and LaSr,H,, contain distorted H,, cages and exhibit high T, values of 160,
167, and 169 K, respectively. Notably, LaSrH,, maintained dynamic stability down to 30 GPa, which is extremely low
for H,, cage hydrides. In addition, the T.s of LaSrH,, increased at a rate of 0.43 K/GPa with the increase in pressure.
Further analysis revealed that the positive pressure-dependent T, was mainly due to the softening of the low-
frequency phonon modes and Lifshitz transition. Our work will guide the study of ternary rare- and alkaline-earth
hydrides.
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INTRODUCTION

The Bardeen-Cooper-Schrieffer (BCS) theory suggests that high Debye temperature and pronounced
electron-phonon coupling (EPC) of metallic hydrogen make it a promising candidate for high-temperature
superconductivity! . Pressure is an important thermodynamic parameter that can shorten atomic distance
and regulate the electronic structure of materials“”. It is well known that it can transform the insulating
hydrogen to a metallic state. However, a pressure of at least 500 GPa is required for the atomic metallic
phase of hydrogen'®”, which is not feasible under the current experimental conditions. In 2004, Ashcroft
proposed the concept of chemical precompression to attain high-temperature superconductivity at lower
pressures””. Based on this principle, earlier studies could only focus on naturally occurring hydrides such as
AlH," and SiH,"". Although these studies revealed the need for effective reductions in pressure to enter the
superconducting state, the superconducting transition temperatures (T.) failed to reach satisfactory levels.
With the development of crystal structure prediction*", numerous nonstoichiometric superhydrides with
high T. have been theoretically predicted, and some have been experimentally synthesized”**”. Hydrogen-
based superconductors H,S®***! and LaH, **** are widely concerned. H,S is a covalent hydride in which
S atoms form a body-centered cubic lattice, with H atoms symmetrically positioned between them, which is
theoretically predicted to have a high T, of 191-204 K at 200 GPa, and then confirmed by experimental with
T. of 203 K above 155 GPa. LaH,, serves as a representative cage hydride, in which weak covalent bonds
between H atoms form hydrogen cages, and the La atoms at the center of the hydrogen cages provide
electrons to stabilize the hydrogen cages. The theoretically predicted T, of LaH,, is about 288 K at
200 GPa”***! and the experimentally measured T, is 250-260 K at 180-200 GPa"”*". The difference of T, and
stable pressure between experiment measurement and theoretical prediction has been well explained by
anharmonic effect of hydrogen atoms™**. The discovery of these two hydrides prompted a rush of research
on hydrogen-rich superconductors under high pressure™.

Thus far, the superconductivities of almost all binary hydrides have been systematically predicted, and most
of them, such as CaH,"" (215 K at 172 GPa), CeH,* (57 K at 85 GPa), and ThH " (159-161 K at
170-175 GPa), have been experimentally synthesized. However, 90% of the hydrides fell below the liquid
ammonia refrigeration range (195 K). Ternary hydrides possess more complex morphological combinations
than binary hydrides, suggesting their possible novel properties. Sun et al. theoretically predicted that
Li,MgH " can reach a high T, of 473 K at 250 GPa and provides a new strategy toward improving the
superconductivity of binary hydrides by incorporating metal elements into binary hydrides rich in H, or H,
molecular units. LaBeH, with a Be-H alloy was predicted to maintain thermodynamical stability above
98 GPa and remain dynamically stable at 20 GPa with a high T, of 185 K. Recently, LaBeH, was
successfully synthesized in a pressure range of 110-130 GPa, and its T, can reach 110 K at 80 GPa"”. The
successful experimental synthesis in the theoretically predicted pressure range demonstrates the foresight of
theoretical prediction. Another research direction for ternary hydrides involves mixing other metal
elements with the original high T. hydrides, namely CaH,, YH,"”, and LaH,,, to obtain caged hydrides:
(Y,Ca)H,"*], (La,CeH),"*, and (La,Y)H, " (Y,Ca)H, was theoretically predicted to possess good
superconducting properties with a T, above 200 K. In addition, Ma et al. used high-throughput calculations
to design a series of Pm3m phase ternary hydrides (M,X)H, and proposed an AE model (a predictive tool for
superconducting critical temperatures in cage-like hydrides, based on Average Electron Localization
Function values at the center of all H-H bonds and contribution of hydrogen to Density of States at the
Fermi level) to estimate the T. of the clathrate hydrides"”. (La,Ce)H,"** was successfully synthesized
experimentally, although it contained a LaH, unit, which is unstable in the La-H system. In addition, in
synthetically experimentally obtained (La,Y)H,,"”, the Y atoms and their neighboring H atoms formed

Y@H., fragments, which contained a locally distorted H-cage specific to Fm3m-YH,,.
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In previous studies of binary hydrides, strontium (Sr)"***” and lanthanum (La) hydrides have attracted
considerable attention because of their unique crystal structures and remarkable superconducting
properties. Sr hydrides include several compounds with a high hydrogen content. SrH,, with linear and bent
H, units, transforms into spiral polymer H chains at 250 GPa"’; SrH,, possesses a graphene-like H-layer at
300 GPa, and SrH,,, which is the metal hydride with the highest hydrogen content discovered thus far,
contains H, units at 146 GPa. The rare-earth metal La contains more valence electrons than the alkaline-
earth Sr and can transfer more electrons to hydrogen atoms. This condition enables H to obtain sufficient
electrons to fill the antibonding ¢* orbitals, which weakens the H-H bonds in the H, and H, units.
Therefore, introducing La into binary Sr-H systems can form new ternary hydrides, which may exhibit
novel properties, such as high T., under high pressure.

In this work, we determined the crystal structures and superconducting properties of a La-Sr-H system at
200 GPa and observed the thermodynamically stable LaSrtH_P3m1, LaSrH,  P6/mmm, LaSrH,, R3m, and
LaSr,H,, R3m and metastable LaSr,H,,_C2/m and LaSrH,,_Cm. They all exhibited good superconducting
properties, except for LaSrH and LaSrH,, which had low hydrogen content. The metastable structure of
LaSrH,, had a high T. of 211 K at 200 GPa, in which H atoms around La were arranged in an H,, ring layer.
LaSrH, is predicted to possess a high T, of 160 K at 200 GPa and remain dynamically stable down to
30 GPa. LaSr,H,, and LaSr,H,, achieved high T, of 164 and 169 K at 200 GPa, respectively.

18—

COMPUTATIONAL DETAILS

The structure of the La-Sr-H system at 200 GPa was searched using the USPEX"*'"® (Universal Structure
Predictor: Evolutionary Xtallography) structure prediction method coupled with ab initio geometry
optimizations implemented in Vienna ab initio simulation packages (VASP) code"". During the variable-
component search, the maximum number of atoms was set to 28. The number of generations was set to 30,
in which the first generation contained 200 individuals and each subsequent generation involved 50
individuals. After the structural search, we evaluated the thermodynamic and structural stability of the
system using the convex hull method and phonon calculations. The crystal structure was optimized using
the VASP code, which was used to calculate the electronic properties. We selected Perdew-Burke-Ernzerhof
(PBE)" of the generalized gradient approximation (GGA)" as the exchange-correlation function. In
addition, the all-electron projector-augmented wave method”” was used to describe ion-electron
interactions. To ensure that the enthalpy converged to less than 1 meV/atom, we set the cutoff energy to
850 eV and adopted Monkhorst-Pack k meshes with a grid spacing of 2z x 0.03 A”. The crystal orbital
Hamiltonian population (COHP) and its integral were calculated using the LOBSTER™ code.

Phonon calculations were performed using the supercell method implemented in the PHONOPY™ code,
which was also used for zero-point energy (ZPE) corrections. The EPC and superconducting properties
were calculated using density functional perturbation theory, as implemented in the Quantum-ESPRESSO
code). Ultrasoft pseudopotential*’’ and GGA-PBE were used with a kinetic energy cutoff of 85 Ry and a
charge density cutoff of 850 Ry. During EPC calculation, the numbers of q- and k-points were as follows:
3x5x3and 12 x 20 x 12 for LaSrH_P3m1, 5 x 5 x 3 and 20 x 20 x 12 for LaSrH, _ Ps/mmm, 3 x 4 x 3 and
12 x 16 x 12 for LaSrH,_Pmima, 5 x 5 x 5 and 20 x 20 x 20 for LaSrH,,_R3m, 5 x 5 x 3 and 20 x 20 x 12 for
LaSr,H,, C2/m and LaSrH,,_Cm, and 4 x 4 x 4 and 16 x 16 x 16 for LaSr,H,, R3m.

18—

Allen-Dynes formula was used to calculate the T, of La-Sr-H compounds'*:
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where @, is mean square frequency.

RESULTS AND DISCUSSIONS

A structural search of LaSr H, (x = 1-3, y = 1-3, z = 1-24) was performed within 60,000 structures at
200 GPa, and a ternary convex hull was constructed to determine the thermodynamic stability of the
predicted ternary hydrides. Because ZPE is important for hydrogen-rich compounds, we constructed a
ternary convex hull with it [Figure 1]. We located LaSrH, LaSrH,, LaSrH,,, and LaSr,H,, on the convex hull
at 200 GPa, indicating that they are thermodynamically stable and do not decompose into other lower-
energy phases. Moreover, LaSrH,, LaSr,H,,, and LaSrH,, deviated by less than 20 meV/atom from the
convex hull, suggesting that they are thermodynamically metastable. This finding did not preclude them
from experimental synthesis. Many theoretically predicted metastable compounds have been successfully
synthesized. Scholars have assumed that compounds with formation enthalpies of less than 50 meV/atom
can be synthesized”*
Supplementary Table 1 in the Supplementary Materials lists their structural information.

| Figure 2 shows the crystal structures of our predicted ternary hydrides, and

Compounds LaSrH and LaSrH, were structurally stable with P3m1 and Pe/mmm, respectively. However,
LaSrH and LaSrH, did not exhibit superconductivity, which is not discussed in the following text. The
predicted metastable LaSrH, adopted the Pmma space group. Figure 3 shows the calculated electronic and
phonon structures of the LaSrH,. The compound exhibited metallic character and a total density of states
(DOS) of 11.48 states/spin/Ry/f.u. at the Fermi level Ny. Although LaSrH, achieved a high DOS value at the
Fermi level, the calculated T, was only 71 K [Table 1], close to the liquid-nitrogen temperature. This result
was mainly due to the electronic DOS at the Fermi level being mainly contributed by the f-state electrons of
La atoms and the proportion of H DOS at the Fermi level only 28.3%, which adversely affected the
superconductivity'*.
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Table 1. Superconducting parameters of La-Sr-H system compounds

Phase Pressure (GPa) N (states/spin/Ry/f.u.) 15 (K) A T.(K)
LaSrHg_Pmma 200 11.48 933.2 1.00 60-71
LaSrH,,_R3m 30 539 659.5 1.39 80-90
LaSrH,, R3m 50 514 854.0 121 84-95
LaSrH;,_R3m 100 4.84 1,002.8 1.25 104-17
LaSrH,,_R3m 150 4.99 944.5 1.53 133-146
LaSrH,;,_R3m 200 5.55 859.3 1.70 146-160
LaSr,Hg_C2/m 200 8.27 921.6 1.52 152-167
LaSr3H,,_R3m 200 1.99 1,168.2 1.25 148-169
LaSrH,,_Cm 200 Al 8921 21 196-21

T, was calculated through the self-consistent solution of the Eliashberg equation with 4* = 0.1and 0.13.

Figure 1. Ternary-phase diagram of the La-Sr-H system at 200 GPa with ZPE. Dark cyan dots represent stable structures, and other
colored dots denote metastable structures.

B LaSrH,

Figure 2. Crystal structures of the La-Sr-H system at 200 GPa. (A) LaSrH_P3m1, (B) LaSrH,_P6/mmm,(C) LaSrH,_Pmma, (D)

LaSrH,_R3m, (E) LaSr,H,;_C2/m,(F) LaSr;H,,_R3m,and (G) LaSrH,,_Cm.Red, gray-violet, and dark-blue balls represent La, Sr, and H
atoms, respectively. The bonds between H, and H; units are represented as black dashed lines.
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Figure 3. (A) Electronic band structures and projected DOS (PDOS) and (B) calculated phonon dispersion curves, Eliashberg spectral
function a’F(w) with electron-phonon integral A(®), and projected phonon DOS (PHDOS) for LaSrHg_Pmma 200 GPa.

We also discovered an interesting metastable compound, LaSrH,,, with a layered structure and Cm
symmetry. The layered structure containing La atoms was stacked in an ABA fashion, in which the A layer
consisted of wrinkled H,, rings, and the B layer comprised La atoms located below the center of the H,, ring
[Figure 2G]. The H,, ring contained four different H-H bonds with lengths of 0.94, 1.04, 1.10, and 1.20 A at
200 GPa, longer than the H-H bond length (~0.8 A) in the H, molecular units of SrH,,. This result was due
to the electrons obtained by hydrogen occupying the antibonding orbitals, which weakened the interactions
between the hydrogen atoms and increased the bond length. In order to investigate the H-H bonding
character in more detail, we calculated the electron localization function (ELF) and COHP of H,, rings, as
shown in Figure 4. As provided in Figure 4A, the ELF values of H atoms equal 0.6-0.8 indicating covalent
bonds among H atoms. In Figure 4B, the left sides with negative values represent bonding states, and the
right sides are antibonding states. The integrated COHP (ICOHP) up to the Fermi level represents the
bonding interactions between H atoms; larger negative values represent stronger H-H bonds. The ICOHP
values of those H-H distances such as 0.94, 1.04, 1.10, and 1.20 A are -2.45, -1.62, -1.64 and -0.85 €V,
respectively, indicating this unique H,, ring was connected by weak covalent interactions. Furthermore, the
band structures (left panel) and PDOS (right panel) of LaSrH,, were calculated [Figure 5A]. The conduction
and valence bands overlapped near the Fermi level, implying the metallic nature of this structure. The total
DOS at the Fermi level is 7.11 states/spin/Ry/f.u., higher than that of LaSrH,,. However, the DOS value of
H atoms at the Fermi level constitutes the main contribution with a value of 61.9%, higher than that of other
structures (28.3% in LaSrH,, 50.5% in LaSr,H,, and 48.7% in LaSr,H,,). This phenomenon is beneficial for
superconductivity. Figure 5B presents the Eliashberg spectral function o’F(w) and electron-phonon integral
Mw) at 200 GPa which is the critical pressure for dynamic stability. The medium-frequency H vibrational
mode (500-2,500 cm™) contributed 71.9% of the EPC. From the PHDOS of LaSrH,,, the H,, ring played a
dominant role in the EPC. The calculated T. of LaSrH,, was 196-211 K at 200 GPa, which was attributed to
the unique H,, ring.

We also observed a series of hexahydrides (LaSrH,,, LaSr,H,,, and LaSr,H,,) with R3m, C2/m, and R3m
symmetries, respectively. The crystal structures of these compounds are similar to that of typical CaH,,
which contains distorted H,, cages with La or Sr as guest atoms filling the clathrate cavities, which provide
electrons for the stabilization of the hydrogen cage [Figure 2D-F]. Each H,, cage comprised eight hexagons
and six quadrangles. Similar structures indicate the resemblance of the electronic and superconducting
properties of hexahydrides. The results show that these hexahydrides are metallic and that hydrogen atoms
contributed substantially to the DOS of the Fermi level [Figures 6 and 7]. The calculated T.s for LaSrH,,,



Chen et al. Microstructures 2025, 5, 2025042 | https://dx.doi.org/10.20517/microstructures.2024.21 Page 7 of 14

10 B 2 : . : .
: 0944 1.04 A 110A 1.20A
-2.45 eV -1.62 eV, 1.64 eV -0.85 eV
10 - L L
s
)
>’ 1
05 £
Sk A L
=20 + -é L
0-0 _30 L 1 L 1 1 1
-08-04 0 05 1.0 -0.3 0.0 0.3 06 -06-03 0 04 08 -0.2 0.0 0.2 04
COHP

Figure 4. (A) ELF of LaSrH,,_Cm at 200 GPa of H,, rings and (B) the COHP of four types of H-H bonds in H,, rings for LaSrH,,_Cm at
200 GPa.
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Figure 5. (A) Electronic band structures and PDOS and (B) calculated phonon dispersions, Eliashberg spectral function a’F(w), electron-
phonon integral A(®), and projected PHDOS for LaSrH,,_Cm at 200 GPa.

LaSr,H,,, and LaSr,H,, were similar, with values of 160, 167, and 169 K, respectively, at 200 GPa, respectively
[Table 1]. The difference is that LaSrH,, could maintain its dynamic stability down to 30 GPa
[Supplementary Figure 1], which was much lower than the dynamic stable critical pressure of
YCaH,, Pm3m (150 GPa)"?, whereas LaSr,H,, and LaSr,H,, were only dynamically stable at 200 GPa
[Figure 8]. Thus, we aimed to conduct a detailed investigation of the crystal structure, electronic properties
and superconductivity of LaSrH,, as a function of pressure.

The crystal structure of LaSrH,, at 50 GPa is depicted in Figure 9A. We found half of the H atoms existed in
the form of H, units. The H-H distance in H, units is 0.89 A at 50 GPa, which elongates with pressure. At
200 GPa, it extends to 1.04 A, much longer than the typical H-H bond length of 0.74 A in pure solid
hydrogen. Besides, we calculated its ELF map and COHP to study the H-H bonding character in detail. As
shown in Figure 9B, the ELF and negative ICOHP values between H-H in H, units are 1.0 and 3.12 ¢V,
respectively, indicating strong covalent bonds. The ELF and negative ICOHP values were about 0.8 and
2.08 eV at 200 GPa, respectively, which declined with the pressure increase. The variation trend of the
nearest neighbor hydrogen distance and ICOHP value with increased pressure was shown in Figure 9C. The
H-H distance in H, unit increases with pressure, and in the meantime, the negative ICOHP value
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Figure 7. Calculated electronic band structures and PDOS of (A) LaSr,H,;,_C2/m and (B) LaSr;H,,_R3m at 200 GPa.

diminished, indicating a weakening interaction between H atoms in H, units as pressure rises. This
phenomenon is beneficial for improving superconductivity.

To examine the electronic properties of LaSrH,, with increasing pressure, its electronic structures were
calculated at 50, 100, 150, and 200 GPa [Figure 6]. As the pressure rose to 100 GPa, the lowest conduction
band at the I point gradually descended but did not exceed the Fermi energy. In addition, the valence band
located on the Fermi surface at the H-point moved upward, which caused the total electronic DOS at the
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Figure 8. Phonon band structures, Eliashberg spectral function a’F(w) with electron-phonon integral A(w), and projected PHDOS of (A)
LaSr,H,s_C2/mand (B) LaSr;H,,_R3m at 200 GPa.
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Figure 9. (A) The crystal structure of LaSrH,, at 50 GPa. (B) the ELF of LaSrH,, on the (111) plane at 50 and 200 GPa. (C) The COHP of
the nearest distances of H-H for LaSrH,,_R3m at 50, 100, 150 and 200 GPa.

Fermi level to decrease to 4.84 states/spin/Ry/f.u. Remarkably, with further pressure elevation, the lowest
conduction band at the I point accepted electrons, which formed a new electronic pocket at the Fermi level.
The Fermi surface had undergone geometric changes, marking Lifshitz transition. As a result, the total
electron DOS at the Fermi level increased to 5.55 states/spin/Ry/f.u. at 200 GPa'*.

We further calculated the phonon band structures, Eliashberg spectral functions «*F(w), and the EPC
parameter A(w) for LaSrH,, under various pressures [Figure 10]. La and Sr atoms have heavy atomic masses;
thus, the low-frequency vibrational modes below 500 cm™ mainly corresponded to the vibrations of La and
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Figure 10. Phonon band structures, Eliashberg spectral function a*F(w) with electron-phonon integral A(w), and projected PHDOS of
LaSrH,, at (A) 50, (B) 100, (C) 150, and (D) 200 GPa.

Sr atoms with a contribution below 30% of the total A. The high-frequency regions above 1,700 cm™ were
primarily dominated by the H, stretching vibration mode, which accounted for less than 2% of the total A.
The lighter H atoms, which drove the phonon modes in the middle-frequency region, contributed greatly to
the EPC and accounted for more than 65% of the total A. It is noted that the vibration modes in the high-
frequency parts are obviously down with rising pressure, and until 200 GPa, there is no clear boundary
between the high- and intermediate-frequency regions. The reason is the weakening interaction between H
atoms in H, units. Besides, we observed that the lowest frequency transverse acoustic phonon mode at
points A and M gradually softened with increasing pressure. The emergence of soft modes was beneficial for
enhancing the EPC and T..

Table 1 lists the critical temperature T, of LaSrH,, at various pressures obtained by solving the Eliashberg
equations using typical Coulomb pseudopotential parameters x* = 0.1 and 0.13. TheT, of LaSrH,, is
estimated to be within 84-95 K at 50 GPa, almost twice that of LaCaH ,(40.1-46.6 K at 50 GPa)"*” and it
increased nearly linearly with pressure (104-117 K at 100 GPa, 133-146 K at 150 GPa, and 146-160 K at
400 GPa), at an approximate rate (dT/dP) of 0.43 K/GPa. To explore the mechanism underlying the positive
pressure dependence of T, we analyzed the electronic DOS at the Fermi level N, logarithmic average
frequency w,,, and EPC parameter A [Figure 11]. According to Equation (1), the T, is closely related to the
EPC constants, A and o,,,. This finding demonstrates that with an increase in pressure, w,,, first increased
and then decreased, and A nearly linearly increased with A = 1.21 at 50 GPa and X\ = 1.70 at 200 GPa,
consistent with the variation trend of T.. Therefore, the rise in T, with pressure was mainly due to the
increased A. The EPC parameter X at low frequency (below 500 cm™) reached 0.22 at 50 GPa, and increased
to 0.45 at 200 GPa, implying a contribution of 57.5% to the increment of total 1. Thus, the softening of low-
frequency phonon modes also played an important role in improving the EPC. Hence, the increase in T,
was mainly attributed to the increment in the EPC parameter 2, resulting from the softening of low-
frequency phonon modes, the weakening of the interaction between H atoms in H, units and Lifshitz
transition.
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Figure 11. T,EPC parameter A, calculated electronic DOS (Ng) at the Fermi level, and logarithmic average frequencies w,,, of
LaSrH,,_R3m at different pressures.

CONCLUSION

We used evolutionary algorithms to explore the structures of solid La-Sr-H systems at 200 GPa for
structural analysis. Thermodynamically stable LaSrH, LaSrH,, LaSrH,,, and LaSr,H,, and metastable
LaSrH,, LaSr,H ,, and LaSrH,, were identified. However, LaSrH and LaSrH, did not exhibit
superconductivity. LaSrH, became a superconductor near the liquid-nitrogen temperature. LaSrH,,
exhibited a high T, of 211 K, where hydrogen atoms around the La atoms were arranged in H,, rings, which
played an important role in attaining a high T..LaSrH,,, LaSr,H ,, and LaSr,H,, contained La- and Sr-
centered H,, cages and exhibited high T, of 160, 167, and 169 K at 200 GPa, respectively. Further
calculations showed that LaSrH,, can maintain its dynamic stability up to 30 GPa. In addition, the T, of
LaSrH,, increased with pressure at a rate of 0.43 K/GPa, and this finding was mainly attributed to the
softening mode and Lifshitz transition.
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