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Abstract 

Room-temperature superconductivity has been a long-standing goal for scientific 

progress and human development. Thermodynamic stability is a prerequisite for 

material synthesis and application. Here, we perform a combination of high-

throughput screening and structural search and uncover two thermodynamically stable 

room-temperature superconductors, Fd-3m-Li2NaH17 and Pm-3n-LiNa3H23, exhibiting 

extraordinary critical temperature of 340 K at 300 GPa and 310 K at 350 GPa, 

respectively. Li2NaH17 possesses the highest Tc among all the thermodynamically 

stable ternary hydrides hitherto found. The dominated H density of states at the Fermi 

level and the strong Fermi surface nesting are favorable for the emergence of room-

temperature superconductivity. Their excellent superconducting properties help us 

understand the mechanism of room-temperature superconductivity and find new 

room-temperature superconductors. Interestingly, the structures of LiNa3H23 and 

Li2NaH17 equal to the identified type-I and II clathrate geometry. Our results provide a 

structural reference and theoretical guidance for later experimental structure 

determination and theoretical search for high temperature superconductors.   
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Introduction 

Owing to great potential value of room-temperature superconductivity in civil 

and industrial application, the pursuit of room-temperature superconductivity has 

become one of hot issues in condensed matter physics and materials science. 

Hydrogen, as the first element in periodic table of elements, possesses the lightest 

mass and simplest electronic structure. Due to high Debye temperature and strong 

electron-phonon coupling, metallic hydrogen has been considered as a remarkable 

superconductor with a Tc of 100-760 K1,2. However, the insulator solid hydrogen 

would be metallized above 500 GPa3–5. It’s a huge challenge to achieve such an 

extreme pressure in experimental techniques. The dilemma has been solved until 

Ashcroft proposed “chemical precompression”6 in hydrogen-rich materials, which 

could effectively reduce the metallization pressure of solid hydrogen by doping other 

elements in hydrogen. Within the framework of this theory, a sequence of pressure-

induced hydrogen-based superconductors have been predicted and synthesized 

successfully.7–9The theory-oriented findings of H3S with a record Tc of 203 K at 155 

GPa, where S atoms and H atoms form covalent networks, promoted the development 

of hydrogen-based superconductors10–12. A series of clathrate hydrides, LaH10, YH9, 

YH6, and CaH6, exhibiting high Tc above 200 K at high pressures, have been 

theoretically predicted and experimentally synthesized13–19.  

The future of hydride superconductivity exploration is achieving a right 

equilibrium between the thermodynamical stability and superconducting critical 

temperature. Theoretical prediction has proved Fd-3m-Li2MgH16
20 with a Tc of 351 K 

at 300 GPa and 473 K at 250 GPa. It updates the upper limit on the hydride Tc by 

theoretical calculation and inspires researchers to explore room-temperature 

superconductors. However, Fd-3m-Li2MgH16 is a thermodynamically metastable 

phase and has yet to be synthesized. LaBeH8
21 in a Fm-3m-AXH8 structure has been 

shown to possess a Tc of 183 K at a much lower pressure of 20 GPa. It provides a 

strategy for finding high Tc at lower pressures. Recently, thermodynamically stable  

clathrate hydrides MH18
22 (M = rare-earth or actinide atom) with H36 clathrate cage 

have been discovered, in which Fddd-CeH18 has a Tc of 330 K at 350 GPa. Looking 



for thermodynamically stable room-temperature superconductors at high pressures 

and high temperature superconductors at low pressures is two goals of exploration. 

For some hydrides that have been theoretically predicted or experimentally 

synthesized, we could find the same or similar crystal structures in non-hydrides at 

ambient pressure. The structure of Im-3m-H3S
10 is similar with Im-3m-SF6

23. The Im-

3m-Ca/YH6
13,14,24,25 and Fm-3m-La/YH10

13,14 adopt the known solidate and zeolite 

structures. The structures of experimental synthesis Pm-3n-Ba/La/Lu/Eu4H23
26–29 and 

theoretical prediction Fd-3m-Li2La/YH17
30 are equal to the so-called type-I and type-

II silicon clathrate structures31, respectively. This type-I clathrate structure is the 

Weaire−Phelan foam structure, the optimal solution to the Kelvin problem so far32. In 

type-I and type-II silicon clathrates, Si-Si forms sp3 hybridized bonds33. Many 

clathrate hydrides are similar with sp3-boned clathrate structures, e.g., H24 cage in 

CaH6
18

 and H32 cage in LaH10
13,14 can also be found in Sr(BC)3

34 and La(BN)5
35, 

respectively. Though H lacks p orbitals, H atoms form clathrate cages like sp3-bonded 

clathrates. So far, although type-I and type-II clathrate structures have been 

discovered in hydrides, they have not attracted much attention or been studied 

extensively. Such highly symmetric structures provide excellent structural templates 

for studying hydride superconductivity. 

To obtain hydrides with excellent superconducting properties, in addition to 

excellent structures, it is also necessary to choose right atoms or right atomic radii. 

Especially for the clathrate hydrides, the appropriate atomic radius selection is very 

important. Because Y and Ce have similar atomic radii with La36, solid solution 

hydrogen-based superconductors in La-Y-H37 and La-Ce-H38–40 system have been 

synthesized. Fm-3m-(La,Y)H10
37 has a Tc of 253 K at 183 GPa. P63/mmc-(La,Ce)H9

38 

and Fm-3m-La0.5Ce0.5H10
40 exhibit Tc of 148-178 K at 97-172 GPa and 175 K at 155 

GPa, respectively. Their Tcs exceed those of binary hydrides in the same pressure 

range. 

Although the excellent crystal structures and appropriate atomic radius selections 

are essential for hydride superconductivity, it is extremely difficult to obtain a 



thermodynamically stable hydride with a high Tc under these conditions. In most 

cases, most of previous searches for hydrogen-based superconductors rely on the 

chemical and physical intuition and perform an extensive structure search in a certain 

system. It is not only expensive but also possible to get the unwanted results. Precise 

and efficient calculation is very essential. Therefore, the combination of structural 

screening based on the high-throughput computation and structure search combined 

with the first-principles software is a good choice. Type-I and type-II clathrate 

structures have been discovered but not been widely and deeply studied in hydrides. 

There is only one Wyckoff position difference of Fd-3m-Li2MgH16 with type-II 

clathrate structures. Whether a thermodynamically stable room-temperature 

superconductor like that of Li2MgH16 can also exist in this structure. Some alkali 

metals and alkaline-earth metals as guest atoms are captured by type-I silicon-host 

clathrate structures (A8Si46, A = guest atom) with a low-temperature superconductivity 

have been reported.41,42So, we choose Li2MgH16-type, type-I and type-II clathrate 

structures as the original structures. These cages are stuffed with different radius 

metal atoms depending on their size. We obtained 12 nearly dynamically stable 

structures at 300 GPa by high-throughput calculation. Surprisingly, we found that 

Li2NaH16, Li2NaH17 and LiNa3H23 belong to same system are nearly dynamically 

stable at 300 GPa. And their H DOS are dominant at the Fermi level. It is very 

beneficial to obtain high Tc superconductivity.  

In this paper, we focused on Li-Na-H ternary system and preformed a wide 

structure search. We discoveried three thermodynamically stable clathrate hydrides, 

Li2NaH16, Li2NaH17 and LiNa3H23. Among them, Li2NaH17 and LiNa3H23 are 

extraordinary room-temperature superconductors with Tc of 357 K at 220 GPa and 

323 K at 320 GPa, respectively. Li2NaH16 also has a high Tc of 258 K at 230 GPa. 

Remarkably, Li2NaH17 possesses the highest Tc of 340 K at 300 GPa among all the 

thermodynamically stable hydrides. Li2NaH17 can be considered as an extra hydrogen 

atom introduced into Li2NaH16 in composition. The introduction of the extra hydrogen 

atom leads to an obvious increase in the number of H electronic states at the Fermi 

level and the intensity of Fermi surface nesting, which enhances the Tc by nearly 120 



K. LiNa3H23 and Li2NaH17 adopt the type-I and II clathrate structures, these kinds of 

clathrate structures make it possible to investigate room-temperature superconductors. 

Our results reveal the effect of electronic structures on superconductivity of hydrides 

and provide a reference to find high-temperature or even room-temperature 

superconductors in type-I and II clathrate structures. 

 

Result and discussion 

Firstly, we performed a high-throughput calculation on Li2MgH16-type, type-I 

and type-II clathrate structures by PHONONPY code43 to confirm the dynamical 

stability of structures, small radius atom A (A=Li, Be) and big radius atom B (B=Na, 

K, Rb, Cs, Mg, Ca, Sr, Ba) are selected to occupy small cages and big cages36, 

respectively. The Li2MgH16-type and type-II clathrate structures adopt the same space 

group of Fd-3m and have only one Wyckoff position difference. The 28-vertex cages 

form a diamond network, and the rest space is filled with 18-vertex or 20-vertex cages 

in Li2MgH16-type and type-II clathrate structures.  The type-I clathrate structure with 

Pm-3n symmetry consists of 24-vertex tetrakaidecahedra cages and 20-vertex 

pentagonal dodecahedra cages. The 24-vertex cages arrange along three perpendicular 

directions in space and the rest space is filled with 20-vertex cage. We obtained 12 

nearly dynamically stable structures through high-throughput calculation. Next, we 

calculated the projected electronic density of states for these structures. Significantly, 

Li2NaH16, Li2NaH17 and LiNa3H23 are with abundant H electronic states near the 

Fermi level, inspiring us to further exploration. Therefore, we performed an extensive 

structure search and constructed the ternary convex hull of Li-Na-H system at 350 

GPa, and found three thermodynamically stable clathrate hydrides, Li2NaH16, 

Li2NaH17 and LiNa3H23, as shown in Figure 1. Furthermore, their thermodynamically 

stable pressure range were determined by combining enthalpy difference calculations. 

The Li2NaH16, Li2NaH17 and LiNa3H23 become thermodynamically stable about 250 

GPa, 255 GPa and 335 GPa, respectively (see Figure S2-4).  

To examine potential superconductivity in these structures, we calculated the 

logarithmic average phonon frequency and electron-phonon coupling (EPC) 



parameters based on linear response theory, as shown in Table SI. It is heartening to 

note that the resulting EPC parameters λ of Li2NaH16, Li2NaH17 and LiNa3H23 are 

quite large and reach 1.56, 2.44 and 2.69 at 300 GPa, 300 GPa and 350 GPa, 

respectively. The bending modes of atomic hydrogen (800 – 2500 cm-1) makes a 

major contribution to λ, they contribute nearly 81%, 79% and 65% of total λ in 

Li2NaH16, Li2NaH17, and LiNa3H23, respectively. Generally, the Eliashberg equations 

could provide a reliable Tc for strong EPC (λ > 1.5)44. Therefore, we calculated their 

Tcs using Eliashberg equations with typical Coulomb pseudopotential parameters μ* 

from 0.1 to 0.13, listed in Table SI. Encouragingly, these thermodynamically stable 

hydrides exhibit extraordinary room-temperature superconductivity. The Tc of 

Li2NaH17 and LiNa3H23 is estimated to be 340 K (321 K with 𝜇∗ = 0.13) at 300 GPa 

and 310 K (291 K with 𝜇∗ = 0.13) at 350 GPa, respectively. Notably, Li2NaH17 is 

thermodynamically stable at 300 GPa and it possesses the highest Tc in all known 

thermodynamically stable hydrides. As the pressure decreases, the calculated Tc of 

Li2NaH17 and LiNa3H23 increases to 357 K (340 K with 𝜇∗ = 0.13) at 220 GPa and 

323 K (302 K with 𝜇∗ = 0.13) at 320 GPa, respectively. For Li2NaH16, the calculated 

Tc is 221 K (201 K with 𝜇∗ = 0.13) at 300 GPa. When the pressure drops to 230 GPa, 

the λ increases to 2.69, and the calculated Tc increases to 258 K. The Tc of Li2NaH16, 

Li2NaH17 and LiNa3H23 increases gradually with decreasing pressures, as shown in 

Figure 2. 

Fermi surface nesting plays a role in superconductivity45. We calculated total 

Fermi surface nesting of Li2NaH17. There is a strong Fermi surface nesting near X 

point along Γ-X path. To determine the contribution of each band to Fermi surface 

nesting, we calculated Fermi surface nesting from different bands to specified band 

(see Figure 3). We could find band n = 3 makes a main contribution to Fermi surface 

nesting than other bands. The intensity of Fermi surface nesting depends on the 

shapes of Fermi surfaces. Several Fermi surfaces paralleling to Fermi surface n = 3 

result the strong Fermi surface nesting, which contributes to room-temperature 

superconductivity. 



The calculated band structures and the electronic density of states of Li2NaH16, 

Li2NaH17 and LiNa3H23 are shown in Figure 4. For Li2NaH16, there are three bands 

(denoted as n =1, 2, and 3) crossing the Fermi level. The band n =1 forms a flat band 

at Γ point. The band n = 2 exists an electron-like band at Γ point. In the case of 

Li2NaH17, four bands (denoted n =1, 2, 3 and 4) cross the Fermi level. The band 

structures exhibit electronlike and hole-like bands around Fermi level. The band n=2 

along L-Γ path just above Fermi level exists a hole-like band, resulting a van Hove 

singularity near the Fermi level. For LiNa3H23, there are five bands (denoted n = 1, 2, 

3, 4 and 5) crossing Fermi level at 350 GPa. The band n = 4 exists electron-like and 

hole-like bands along M-Γ path near the Fermi level. The band n = 5 possess a flat 

band just above Fermi level at Γ point and an electron-like band at Fermi level along 

M-Γ path. They contribute abundant electronic states to Fermi level. For these three 

predicted hydrides, their electronic density of states near the Fermi level is typically 

large and is dominated by the contribution from H atoms, which are very beneficial to 

the superconductivity.  

To examine the chemical bonds of Li2NaH16, Li2NaH17 and LiNa3H23, we 

calculated electron localization function (ELF)46, Bader charges47 and crystal orbital 

Hamilton population (COHP)48. The ELF shows that there is enough charge 

localization between hydrogen atoms, indicating that H-H form covalent bonds (see 

Figure S5-7). The negative and positive COHP indicates bonding and antibonding, 

respectively. As shown in Figure S8-10, most H-H states below Fermi level also 

indicate H-H bonding interactions by COHP analysis. Bader charges analysis shows 

that electrons of Li and Na atoms transfer to hydrogen atoms. Moreover, Li and Na 

atoms transfer almost the same number of electrons about 0.78 𝑒~per metal atom in 

Li2NaH16 and Li2NaH17. For LiNa3H23, Li and Na atoms transfer about 0.79 𝑒~ and 

0.74 𝑒~  per atom, respectively. The transferred electrons occupy H-H antibonding 

orbitals which results the distance of H-H increases. It’s noted that the shortest 

distance of H-H bond in these three compounds are above 1.00 Å, longer than H2 gas 

molecule and a little longer than atomic metal hydrogen at 500 GPa49. Previous 



studies have shown that the existence of atomic hydrogen is beneficial to the increase 

of Tc.  

Although Li2NaH17 has only one more H atom than Li2NaH16 in composition, its 

Tc increases by nearly 120 K at 300 GPa. So, the introduced hydrogen atom in 

Li2NaH17 plays an important role in superconductivity. To gain a deep understanding 

of Tc difference and elucidate the underlying mechanism of room-temperature 

superconductivity, we performed further analysis for electronic structures and Fermi 

surface nesting of Li2NaH16 and Li2NaH17. The projected H density of states at Fermi 

level increase from 0.4 States/eV/f.u. in Li2NaH16 to 0.63 States/eV/f.u. in Li2NaH17. 

There is also a change of van Hove singularity location. The introduction of an extra 

hydrogen atom can be seen as an electron doping in Li2NaH16, changing the electronic 

band structure of the system. It causes the Fermi level of Li2NaH17 shifts up compared 

to Li2NaH16 and bands above the Fermi level to shift downward. So, the number of 

bands crossing the Fermi level increases (see Figure 4). We could find the band 

(denoted n = 2) provides abundant H electronic states at Fermi level by analysis of FS 

sheets, resulting remarkable H density of electronic states and a van Hove singularity 

near the Fermi level. The appearance of van Hove singularity of light elements near 

the Fermi level contributes to the increase of Tc
50,51. 

Interestingly, the band structure, DOS and FS sheets of thermodynamically stable 

Li2NaH17 are very similar with that of thermodynamically metastable Li2MgH16 at 

300 GPa (see Figure S11). The Tc of Li2MgH16 is 351 K at 300 GPa, and it’s 340 K at 

300 GPa for Li2NaH17. Their H-DOS contributes mainly to total DOS at the Fermi 

level. They have similar shapes of FS sheets and exist parallel Fermi surfaces in 

Brillouin zone, resulting strong and similar intensity of Fermi surface nesting (see 

Figure 3 and S20). Similar electronic structures and Fermi surface nesting result in 

similar Tc at 300 GPa. Though Li2NaH16 also has a large H DOS at the Fermi level, 

it’s intensity of Fermi surface nesting is much lower than Li2MgH16 and Li2NaH17. It 

results the Tc of Li2NaH16 is much lower than Li2MgH16 and Li2NaH17. For the 

thermodynamically metastable Rb2MgH16
52 and thermodynamically stable Li2LaH17 

and Li2YH17, their Tcs are much lower than room temperature. Li2YH17 and 



Rb2MgH16 have small DOS at the Fermi level. Though Li2LaH17 possess strong Fermi 

surface nesting and van Hove singularity at the Fermi level, the large La-d DOS at the 

Fermi level suppresses its superconductivity.  

We also analyzed the electronic structure of LiNa3H23, which is a 

thermodynamically stable type-I clathrate hydride with a room-temperature 

superconductivity. The projected DOS shows that H has a remarkable contribution 

near the Fermi level. Moreover, there are strong Fermi surface nesting near R point 

and along R-M path. Recent studies have also synthesized several type-I clathrate 

hydrides, such as Ba4H23
26

, La4H23
27, Lu4H23

28 and Eu4H23
29. Especially, Ba4H23 can 

be synthesized at 50 GPa and 1200 K, which was stable on decompression to 27 GPa. 

Compared to the type-I binary clathrate hydrides mentioned above, the LiNa3H23 has 

a better superconducting property, a room-temperature superconductor with a Tc of 

323 K at 320 GPa. It has a higher Tc than all the reported type-I clathrate hydrides. It’s 

possible to find high even room-temperature superconductors in type-I clathrate 

hydrides at moderate pressures.  

 

Conclusion 

We discovered several excellent room-temperature superconductors by carefully 

designing the calculation process to balance high temperature superconductivity and 

thermodynamic stability. Among them, Li2NaH17 and LiNa3H23 are predicted to be 

thermodynamically stable above 255 GPa and 335 GPa with Tcs above 300 K 

adopting typical type-I and type-II clathrate geometry, respectively. The high Tc is 

attributed to the H-dominated DOS at the Fermi level and strong Fermi surface 

nesting. The recent synthesis of binary type-I hydrides Ba4H23, La4H23, Lu4H23 and 

Eu4H23 increase the confidence in synthesizing room-temperature superconductor 

LiNa3H23 at high pressure. 
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Figure 1 (a) The thermodynamically stable Li-Na-H ternaries relative to H53, Li54, 

Na55, Li-H56,57, Na-H58,59 at 350 GPa. Red squares denote stable phases, blue dots 

denote non-stable phases. (b) Structures and clathrate cage structures of Li2NaH16, 

Li2NaH17 and LiNa3H23. 

  

 

 

 

 

Figure 2 Superconducting critical temperatures with 𝜇∗ = 0.10 as a function of 

pressure of Li2NaH16/17, LiNa3H23, Li2MgH16
20, Rb2MgH16

52 and Li2La/YH17
30. 

 



 

Figure 3 (a) 2D Fermi surface nesting function of Li2NaH17 in Brillouin zone. (b) 3D 

Fermi surface sheets of Li2NaH17 in Brillouin zone. (c) 2D Fermi surface nesting of 

Li2NaH17 from other bands to the band (n = 1) in Brillouin zone. (d) 2D Fermi surface 

nesting of Li2NaH17 from other bands to the band (n = 2) in Brillouin zone. (e) 2D 

Fermi surface nesting of Li2NaH17 from other bands to the band (n = 3) in Brillouin 

zone. (f) 2D Fermi surface nesting of Li2NaH17 from other bands to the band (n = 4) 

in Brillouin zone. 

 

  

 

 

  

 

 



 

Figure 4 Calculated electronic band structures (left panel), projected DOS (middle 

panel) and FS sheets (right panel) of (a) Fd-3m-Li2NaH16 at 300 GPa, (b) Fd-3m-

Li2NaH17 at 300 GPa, and (c) Pm-3n- LiNa3H23 at 350 GPa. The FS sheets were 

plotted using FermiSurfer software60. 
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