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Abstract： 1 

Hydrogen-based superconductors provide a route to the long-sought goal of room-temperature 2 

superconductivity, but the high pressures required to metallize these materials limit their immediate 3 

application. For example, carbonaceous sulfur hydride, the first room-temperature superconductor 4 

made in a laboratory, can reach a critical temperature (Tc) of 288 K only at the extreme pressure of 267 5 

GPa. The next recognized challenge is the realization of room-temperature superconductivity at 6 

significantly lower pressures. Here, we propose a strategy for the rational design of high-temperature 7 

superconductors at low pressures by alloying small-radius elements and hydrogen to form ternary H-8 

based superconductors with alloy backbones. We identify a ‘fluorite-type’ backbone in compositions 9 

of the form AXH8, which exhibit high temperature superconductivity at moderate pressures compared 10 

with other reported hydrogen-based superconductors. The Fm3"m phase of LaBeH8, with a ‘fluorite-11 

type’ H-Be alloy backbone, is predicted to be thermodynamically stable above 98 GPa, and 12 

dynamically stable down to 20 GPa with a high Tc ~ 185 K. This is substantially lower than the 13 

synthesis pressure required by the geometrically similar clathrate hydride LaH10 (170 GPa). Our 14 

approach paves the way for finding high-Tc ternary H-based superconductors at conditions close to 15 

ambient pressures. 16 

  17 
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Hydrogen, the lightest element, has been predicted to become a metallic solid exhibiting high-1 

temperature superconductivity (with Tcs in the range 100-760 K) under extreme pressures [1,2]. 2 

However, metallization of solid hydrogen is still uncertain in high-pressure experiments up to about 3 

400 GPa [3,4]. It was predicted that comparable high-temperature superconductivity could be achieved 4 

in hydrogen dominant materials by “chemically pre-compressing” the hydrogen with other elements 5 

to produce the valence density sufficient for metallization at lower pressures [5]. Based on this 6 

principle, a series of H-based superconductors were predicted, and some successfully synthesized in 7 

the laboratory. Notably, H3S was predicted to be a high-temperature superconductor with a Tc of 191-8 

204 K [6], which was later confirmed by an experimentally measured Tc of 203 K at 155 GPa [7,8]. 9 

Following this success, several new hydrides in clathrate hydride family, which consist of a pure 10 

hydrogen backbone pre-compressed by heavy metal atoms, were predicted and then synthesized, 11 

including LaH10 with a Tc of 250-260 K at 170-180 GPa [9-12]. Several geometric classes of hydrides 12 

were found to facilitate high Tc. In addition to the covalent six-fold cubic H3S and the sodalite-type 13 

clathrate hydrides, a class of “pentagraphenelike” hydrides with high Tc were recently predicted at 250 14 

GPa [13]. Although the pressures at which these H-based superconductors become stable (> 150 GPa) 15 

are much lower than the pressure required to metallize pure hydrogen, they are still difficult to obtain. 16 

The next challenge is therefore the realization of room-temperature superconductivity at significantly 17 

lower pressures, with a clear final goal of reaching ambient pressure.  18 

Various routes have been explored to reduce the stable pressure of H-based superconductors. 19 

Doping known hydrogen-rich binary systems with dopant elements or molecules is one way to achieve 20 

this. For example, doping a H3S host with CH4 molecules lead to a metastable compound at a much 21 

lower pressure of 100 GPa [14,15]. A careful choice of the elements used for pre-compression is also 22 

important. For example, low-pressure stability in lanthanide and actinide systems correlates strongly 23 

with f electrons. As a result, metastable phases of YbH6 and LuH6 are predicted to have high-Tc 24 

superconductivity at relatively low pressures (145 K at 70 GPa and 273 K at 100 GPa, respectively 25 

[16]). Turning to even lower pressures, 𝐹𝑚3"𝑚 UH8+δ [17], 𝐹4"3𝑚 EuH9 [18] and C2/c NdH7 [19] have 26 

been observed experimentally at 42 GPa, 86 GPa and 85 GPa, respectively, but the Tcs in these systems 27 

are very low.  28 

Whilst binary hydrides have been extensively explored [20-23], research in ternary hydrides is 29 

more challenging, but rewarding. Many ternary hydrides have been found to exhibit favorable 30 

properties when compared to current binary systems. For example, C doped H3S possesses a much 31 

higher Tc than that of H3S in experiments [24], and Li2MgH16, a molecular Mg-H phase doped with Li, 32 

is predicted to have the highest Tc to date (473 K) [25]. However, the phase diagrams of ternary systems 33 
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are much more complex than those of binary systems and therefore require efficient methods to 1 

construct. A recent study shows that a hard-sphere model could help to construct the ternary phase 2 

diagram of hydrides at high pressure [26]. The ability to efficiently explore ternary hydrides and 3 

identify those with desirable superconducting properties at low pressures is key to advancing research 4 

in superconductivity.  5 

Here, we propose a strategy to design high-Tc ternary H-based superconductors at low pressures 6 

by engineering binary X-H backbones, which are subsequently “pre-compressed” by a metal element 7 

A. The resulting X-H backbones are easier to metallize than pure H backbones and can be designed by 8 

doping known structures with additional atoms (X), which break the local motif of the parent structure. 9 

This leads to a metallic H-rich phase with occupied overlapping bands, known as a hydrogen alloy 10 

phase [5]. We first designed a novel class of fluorite-type ternary structures AXH8 (𝐹𝑚3"𝑚), from 11 

which we found 7 dynamically stable H-based superconductors consisting of a “pre-compressor” 12 

element A (A = Sc, Ca, Y, Sr, La, Ba) and a small-radius element X (X = Be, B, Al). This is followed 13 

by the construction of a hard-sphere model to investigate new fluorite-type hydrides and the stability 14 

of these new materials in terms of geometrical factors. 15 

We design the first of these alloy backbone materials from the pure H backbone of the high-16 

temperature superconductor LaH10 [12], which possesses the same symmetry as the low-pressure UH8 17 

superconductor [17]. Comparing the crystal structures of UH8 and LaH10 (Fig. 1(a)-(b)), the structure 18 

of LaH10 can be viewed as a UH8 parent structure doped with additional H atoms at vacant tetrahedral 19 

sites. The extra H atoms break the localization of cubic H8 units and lead to the famous clathrate 20 

backbone in LaH10. Instead, dopant X atoms can be inserted in vacancy sites at the centre of the cubic 21 

H8 units, resulting in an	𝐹𝑚3"𝑚 structure of LaXH8 (Fig. 1(c)). For example, Be may be a suitable 22 

dopant at these cubic sites. This novel H-Be alloy backbone corresponds to a fluorite-type arrangement 23 

(Fig. 1(d)), in which Be atoms are located on the sites of a face-centered cubic lattice, and [H4] 24 

tetrahedra are present in the tetrahedral vacancies found between the Be atoms (Figs. 1(e)-(f)). Ternary 25 

hydrides AXH8, designed with X-H alloy backbones, potentially achieve high-temperature 26 

superconductivity at lower predicted pressures than the required pressures of other reported H-based 27 

superconductors. We note that during the preparation of our manuscript, the same cubic structure was 28 

reported in the La-B-H ternary system by two different groups [27-29].  29 
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   1 

FIG. 1 (a) The crystal structure of UH8 with [H8] cubic units. The U ions are shown in black 2 

and the H ions in pink. (b) The crystal structure of LaH10, in which La ions are shown in green. 3 

The backbone in LaH10 consists of cubic-unit H atoms (pink) and tetrahedron-center H atoms 4 

(gray). (c) The crystal structure of UH8, with [H8] cubic centers shown as red balls. (d) The 5 

crystal structure of fluorite CaF2, the Ca cations are shown in dark blue and the F ions in light 6 

blue. (e) The crystal structure of LaBeH8. The backbone in LaBeH8 consists of tetrahedral-7 

unit H atoms (pink) and cubic-center Be atoms (blue). (f) The ‘fluorite-type’ cage of LaBeH8. 8 

Having identified this fluorite-type ternary structure, we go on to investigate the wider class of 9 

fluorite-type backbone hydrides AXH8 (𝐹𝑚3"𝑚), consisting of a “pre-compressor” element A (A = Sc, 10 

Ca, Y, Sr, La, Ba) and a small-radius element X (X = Be, B, Al). Among the resulting 18 combinations 11 

for AXH8 ternary hydrides, 7 exhibit regions of dynamic stability within the range of pressures studied 12 

in this work, as established by the absence of imaginary frequencies in phonon dispersions (Figs. S1-13 

S8 of SM [30]). These hydrides are LaBeH8, CaBeH8, YBeH8, CaBH8, SrBH8, LaBH8 and LaAlH8. 14 

Notably, LaBeH8 remains dynamically stable at pressures as low as 20 GPa. The other 11 hydrides are 15 

unstable within the studied pressure range, exhibiting imaginary phonon modes that break crystal 16 

symmetry (Figs. S12-S22 of SM [30]). Having identified 7 dynamically stable “fluorite-type” hydrides, 17 

we go on to determine their thermodynamic stability using ab initio random structure searching 18 

(AIRSS) [31], by constructing convex hulls (Fig. S24-S30 of SM [30]). Combining the phonon 19 
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dispersion analysis (Fig. S1 of SM [30]) with enthalpy difference calculations (Fig. 2b), we find that 1 

cubic LaBeH8 becomes thermodynamically stable above 98 GPa. However, its dynamical stability 2 

(metastability) may be retained as low as 20 GPa. YBeH8 and SrBH8 become thermodynamically 3 

stable at 300 GPa (Fig. S23 of SM [30]). The other four hydrides that exhibit dynamical stability, 4 

CaBeH8, CaBH8, LaBH8 and LaAlH8, are not thermodynamically stable within the studied pressure 5 

range (≤ 300 GPa), but are likely to become so at much high pressures. According to the Inorganic 6 

Crystal Structure Database, 20% of synthesized materials are metastable, some of which even have 7 

positive formation enthalpies. High-pressure synthesis usually involves high temperatures, and 8 

therefore the products are often metastable; synthesized diamond and nitrogen allotropes are good 9 

examples. The experimentally discovered superconducting systems Si-H [51] and S-C-H [24] are also 10 

found to be metastable in theoretical calculations. Anharmonicity was found to play an important role 11 

in some superconducting hydrides [52,53]. However, current calculations do not allow a high-12 

throughput evaluation of anharmonic effects in structure prediction. 13 

 14 

FIG. 2 Calculated enthalpy of “fluorite-type” hydrides AXH8. (a) The radius of atom A is plotted 15 

on the x-axis and the radius of atom X on the y-axis. Dynamically unstable systems are shown 16 

as black crosses. Metastable phases are shown as circles, colored according to the 17 

calculated enthalpy above the convex hull. Thermodynamically stable phases are shown as 18 

carmine squares. (b) Calculated enthalpy as a function of pressure for La-Be-H structures 19 
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relative to the 𝐹𝑚3"𝑚 phase of LaBeH8, where structures of LaH6, BeH2 and H are from Refs. 1 

[9-11,39,54], respectively. 2 

Having investigated the stability of these fluorite-type backbone hydrides, we go on to investigate 3 

their superconducting properties. From the Eliashberg equations in Sec. 3 of SM [30], the values of Tc 4 

were determined using μ* = 0.1. As shown in Fig. 3, LaBeH8 is predicted to exhibit high-temperature 5 

superconductivity with a Tc of 192 K at 100 GPa and 183 K at 20 GPa (threshold for metastability). 6 

The Tc values calculated using the McMillan equation and Gorkov-Kresin theory are presented and 7 

discussed in the SM [30]. These fluorite-type backbone structures also have the potential to exhibit 8 

room-temperature superconductivity, with the metastable CaBeH8 predicted to possess a Tc of 300 K 9 

at 210 GPa. Likewise, we calculate that YBeH8, CaBH8, SrBH8, LaBH8 and LaAlH8 exhibit high 10 

temperature superconductivity within their metastable region, with Tcs of 249 K at 100 GPa, 238 K at 11 

100 GPa, 200 K at 150 GPa, 160 K at 70 GPa and 144 K at 100 GPa, respectively. A common feature 12 

of these superconducting hydrides is the occurrence of soft phonon modes at the Brillouin zone 13 

boundary (Figs. S1-S8 in SM [30]), leading to strong electron-phonon coupling. This effect is stronger 14 

when the system is close to instability. As shown in Fig. 3, the threshold pressure at which fluorite-15 

type backbone hydrides become dynamically stable is lower than that for typical high-Tc hydrides, 16 

whilst retaining a Tc that is much higher than the temperature of liquid nitrogen. LaBeH8 is the first 17 

proposed H-based superconductor with a figure of merit [55] score around 𝑆 = 3~4. 18 

  19 
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FIG. 3 Pressure dependence of Tcs for typical superconductors. The orange circles are Tcs 1 

of fluorite-type backbone hydrides at the lowest pressure where they become dynamically 2 

stable. The red circle is at the lowest pressure where LaBeH8 becomes thermodynamically 3 

stable (98 GPa), and the suggested synthesis pressure range for cubic LaBeH8 is highlighted 4 

in yellow. The blue squares are Tcs of clathrate binary hydrides at the lowest pressures 5 

reported in Refs. [6,9,10,40,55]. The purple stars are Tcs of well-known superconductors from 6 

experiment [7,12,24,55]. The background is shaded according to the figure of merit 𝑆	 =7 

	 !

"#!$!"#$!
!
 used to evaluate the significance of a particular superconductor [55]. The dotted 8 

line is the pressure limit of Kawai-type multi-anvil presses (KMAPs) [56].  9 

Geometrical factors play an important role in the high-throughput screening of materials such as 10 

perovskites [57] and MXenes [58]. Effective hard-sphere models can be used as structural prototypes 11 

in the exploration of such novel materials [26]. The dynamic stability of fluorite-type hydrides depends 12 

on the radii of the pre-compressor element A, suggesting that a hard-sphere model [59] derived from 13 

geometrical factors may allow us to draw general conclusions about this family of structures. To 14 

construct this model, we make two simplifications: i) the “pre-compressors” A are regarded as hard 15 

spheres; ii) the backbone is characterized by H-H bonds and X-H bonds. The derivation of this model 16 

is presented in Sec. 5 of SM [30] and the solution gives the lattice parameter of the cubic unit cell (L), 17 

the lengths of H-H bonds (bH-H) and X-H bonds (bX-H) as follows: 18 

⎩
⎪
⎨

⎪
⎧ 	𝐿	 = 	 √&$'

($'
∙ 2𝑅)

𝑏*+* 	= 	
√&$'+,(
($'

∙ √6𝑅) =	𝐹*+*𝑑*+*

𝑏-+* 	= 	
&(	+	√&
($'

∙ 𝑅) = 𝐹*+-𝑑*+-

, 19 

where RA is the covalent radius [50] of atom A and t = 0.95-1.05 is a tolerance factor allowing 20 

slight overlap of the hard spheres. The bond lengths can also be represented as products of flexible 21 

factors (F) and bond lengths of binary hydrides (d) from the literatures. 22 

The solved L, bH-H and bX-H for the 7 hydrides using the hard sphere model are shown in Table 1, 23 

alongside with the values calculated from DFT at 150 GPa. The value of L obtained in the hard spheres 24 

model is similar to that calculated by DFT in the pressure range of 100-200 GPa. The geometry of the 25 

fluorite-type backbone has elongated the H-H bond lengths by 30-60% or 20-30% (according to the 26 

hard-spheres model and DFT, respectively) compared to the H-H bond lengths in common hydrides 27 

[9,13,25], because of the large amount of charge transferred to the H-H bond (Table 1). The X-H bonds 28 

are also affected by the geometry, but whether the bonds are elongated or shortened depends on the 29 
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composition; with the hard-spheres model and DFT calculations in agreement. Clearly, geometric 1 

factors are crucial to understanding the stability of “fluorite-type” hydrides. 2 

 3 

Table. 1 The lattice parameter L, bond lengths bX-H and bH-H and flexible factors F calculated 4 

from the hard-spheres model (unprimed) and from DFT (primed) at 150 GPa. The amount of 5 

charge transferred to H is denoted as δ. Here we use t=1.03, dH-H =1.1 Å [9,13,25], dBe-H = 6 

1.31 Å [39], dB-H = 1.22 Å [42] and dAl-H = 1.72 Å [44,60].  7 

 L, Å bX-H, Å 
(FX-H) 

bH-H, Å 
(FH-H) 

L', Å b'X-H, Å 
(F 'X-H) 

b'H-H, Å 
(F 'H-H) 

δ, e-/atom 

LaBeH8 5.03 1.25 
(91%) 

1.52 
(137%) 

5.17 1.36 
(99%) 

1.43 
(130%) 

0.36 

LaBH8 5.03 1.25 
(102%) 

1.52  
(137%) 

5.13 1.33 
(109%) 

1.45 
(131%) 

0.32 

LaAlH8 5.03 1.25 
(73%) 

1.52  
(137%) 

5.38 1.52 
(88%) 

1.32 
(120%) 

0.46 

SrBH8 5.79 1.44 
(118%) 

1.74  
(158%) 

5.05 1.32 
(108%) 

1.41 
(128%) 

0.29 

CaBH8 5.33 1.32 
(109%) 

1.60  
(146%) 

4.89 1.3 
(107%) 

1.33 
(121%) 

0.29 

CaBeH8 5.33 1.32 
(97%) 

1.60  
(146%) 

4.93 1.32 
(96%) 

1.32 
(120%) 

0.32 

YBeH8 4.79 1.19 
(86%) 

1.44 
(131%) 

5.02 1.34 
(98%) 

1.36 
(124%) 

0.40 

The hard-spheres model captures the general characteristics of AXH8 and allows us to determine 8 

the criteria for elements that can be substituted for X in the crystal. In particular, candidate elements 9 

should form bonds to hydrogen with lengths in the range of 1.2-1.6 Å in binary systems. Therefore, 10 

we investigate the possibility of substituting Si, P and S into LaXH8 since the X-H bond lengths are 11 

dSi-H ~1.6 Å [61], dP-H ~1.4 Å [62] and dS-H ~1.5 Å [63]. We find that LaSiH8, LaSH8 and LaPH8 are 12 

all dynamically stable below 200 GPa (Fig. S9-11 of SM [30]), and they are calculated to exhibit high-13 

Tc superconductivity: 150 K at 100 GPa, 195 K at 200 GPa and 151 K at 200 GPa (Fig. S50-52), 14 

respectively. 15 
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 1 

FIG. 4 (a) The polarization vectors of H-S bonds in [H3S] backbone; in these bonds the 2 

positive charge is located at H atoms (pink) and negative charge is located at S atoms 3 

(yellow). (b) The polarization vectors of Be-H bonds in [BeH8] backbone converge, leading to 4 

a concentration of charge at the hydrogen atoms. In these bonds the positive charge is 5 

located at Be atoms (green) and the negative charge is located at H atoms (pink). 6 

Binary backbones in hydrides typically consist of polar bonds at high pressure. For example, the 7 

[SH3] backbone of SCH7 consists of H-S polar bonds (see Fig. 4(a)). End-to-end arrangements of polar 8 

bonds in these backbones generally have low enthalpy. But in the [BeH8] backbone four H atoms with 9 

negative charge δ- are found in close proximity (see Fig. 4(b)), suggesting that the fluorite-type 10 

backbone is formed in a different way. In the unique bonding environment of the fluorite-type 11 

backbone, a large amount of charge transfer to the H atoms is possible as shown in Table 1; these 12 

electrons occupy anti-bonding states along the H-H bonds (Fig.S56-S62 of SM [30]). These extra 13 

electrons not only support the elongated H-H bonds, but also give rise to an increased H-derived 14 

density of states at the Fermi level. The unique chemistry in alloyed backbones therefore provides a 15 

route to improved H-based superconductors. 16 

As part of efforts toward developing H-based superconductors that are stable at low pressure, we 17 

design a class of ternary hydrides AXH8 with fluorite-type alloy backbones. Compared with other 18 

reported H-based superconductors, the predicted AXH8 hydrides exhibit dynamic stability at pressures 19 

much lower than their thermodynamic region, whilst maintaining the strong electron-phonon coupling 20 

necessary for high Tc superconductivity. One of the systems we considered, LaBeH8, is dynamically 21 

stable down to 20 GPa which is much lower than both the pressure needed to stabilize typical H-based 22 

superconductors and the pressure obtainable in KMAPs. The hydrides in the fluorite-type backbone 23 

family would have about 20 members if other elements in the lanthanide and actinide series were 24 

included. Future investigations of other ternary systems may identify high-temperature 25 
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superconductors even closer to ambient pressure by similar methods. 1 

 In summary, designing hydrides with an alloyed backbone is shown to be an effective approach 2 

to obtaining low-pressure H-based superconductors. In these materials, small radius elements are 3 

alloyed with hydrogen to introduce new bonds into the backbone structure, replacing some H-H bonds. 4 

Our results will stimulate further experimental exploration and the synthesis of hydride-based 5 

superconductors at near ambient pressures would represent an important breakthrough in the field of 6 

high-temperature superconductivity.  7 
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