
Predicted Hot Superconductivity in LaSc2H24 under Pressure

Xin-Ling He,1, 2 Wenbo Zhao,1, 2 Yu Xie,1, 2 Andreas Hermann,3

Russell J. Hemley,4 Hanyu Liu,1, 2, 5, ∗ and Yanming Ma1, 2, 5, †

1Key Laboratory of Material Simulation Methods and Software of Ministry of Education,
College of Physics, Jilin University, Changchun 130012, China

2State Key Laboratory of Superhard Materials, College of Physics, Jilin University, Changchun 130012, China
3Centre for Science at Extreme Conditions and SUPA, School of Physics and Astronomy,

University of Edinburgh, Edinburgh EH9 3FD, United Kingdom
4Departments of Physics, Chemistry, and Earth and Environmental Sciences,

University of Illinois Chicago, Chicago, IL 60607 USA
5International Center of Future Science, Jilin University, Changchun 130012, China

(Dated: October 20, 2023)

The recent theory-driven discovery of a class of clathrate hydrides (e.g., CaH6, YH6, YH9, and
LaH10) with superconducting critical temperatures (Tc) well above 200 K shed light on the find-
ings of ‘hot’ superconductivity above room temperature at high pressure conditions. Recent efforts
focus on the search of superconductors among ternary hydrides that accommodate more diverse
material types and vast configurations compared to binary hydrides. Through extensively computa-
tional searches, we here report the prediction of a new class of thermodynamically stable clathrate
superhydride structures consisting of two previously unreported H24 and H30 hydrogen clathrate
cages at megabar pressures, among which LaSc2H24 shows potential hot superconductivity with a
theoretical Tc of ∼330 K at 300 GPa. The superconductivity is attributed to an unusually large
hydrogen-derived density of states at the Fermi level arising from the newly reported peculiar H30

as well as H24 cages. Our current theory on the hot superconductor via the introduction of Sc into
La-H system sheds light on future design of other superconductors among stable ternary clathrate
superhydrides.

PACS numbers: 62.50.-p, 64.70.K-, 65.40.-b

The quest for materials that superconduct at and even
above room temperature remains one of the most im-
portant research topics in condensed matter and mate-
rials physics. The discovery of covalent H3S (Tc = 203
K at 155 GPa) [1, 2] and a class of clathrate binary hy-
drides with high-Tc values in the range of 215-260 K at
high pressures, including CaH6 [3, 4], YH6 [5, 6], YH9

[6, 7], and LaH10 [8–10], all of which inspired by the-
oretical predictions assuming conventional superconduc-
tivity [11–15], has sparked great interest to search for
room-temperature superconductivity among compressed
hydrides. The first of these theoretically predicted su-
perconducting clathrate hydrides CaH6 (a predicted Tc

of 220-235 K at 150 GPa) consisting of sodalite H24 cages
[13], was recently confirmed experimentally in two inde-
pendent studies [3, 4]. These exciting findings have en-
couraged the search for other superconducting hydrides
with even higher critical temperatures among clathrate-
like hydrogen structures.

Recently, attention has been focused on ternary hy-
drides, since they provide much wider range of candi-
date compositions and structures that may exhibit high-
temperature superconductivity [16–21]. For example, our
predicted metastable clathrate hydride Li2MgH16 with
the highest Tc calculated to date (∼473-351 K at 250-
300 GPa) [22] was designed through a strategy of in-
troducing additional electrons from guest metal Li into
the host H2-based MgH16 [23]. More recently, guided

by theoretical predictions [24–27], the first stoichiomet-
ric high-Tc ternary LaBeH8 hydride superconductor with
a well-defined crystal structure was synthesized with a
measured Tc of 110 K at 80 GPa [28]. Previous works also
reported a series of nonstoichiometric high-Tc ternary al-
loy hydrides, where the random occupation of metal el-
ements in the lattice sites can render the crystal struc-
ture effectively identical to the parent clathrate struc-
ture of the binary systems [29–39], as in theoretically
predicted CaYH12 (230-258 K at 180-200 GPa) [29, 30],
and (Y,Sr)H11 (240 K at 175 GPa) [35], as well as the
experimentally synthesized (La,Y)H10 (∼253 K at 183
GPa) [36], and (La,Ce)H9 (148-178 K at 97-172 GPa)
[37, 38]. These findings suggest the prospect of finding
superconductors with the Tc exceeding room tempera-
ture in ternary hydrides. While ultimately such super-
conductors need to be stabilized and function at much
lower pressures, it remains critical to establish whether
any upper Tc limits exist for hydride superconductors.
Therefore, searching for thermodynamically stable super-
conducting ternary hydrides with higher Tc than LaH10

(250-260 K at ∼180 GPa) is a pressing task.

LaH10 was the first metal superhydride (MHn, n >
6) to be predicted [14, 15], synthesized [40], and shown
experimentally to be a near room-temperature supercon-
ductor, a result that has now been reproduced in experi-
ments on the end-member and LaH10-based alloys by at
least three other groups [9, 10, 36, 39]. In addition, some
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(a)           Without ZPE (b)              With ZPE 

FIG. 1: (Color online) Calculated ternary phase diagram of
the La-Sc-H system relative to elemental La [46–48], Sc [49],
and H [50, 51], as well as binary La-H [14, 15, 52], Sc-H
[53, 54], and La-Sc at 300 GPa (a) without or (b) with con-
sidering zero-point energy (ZPE). Red solid circles and col-
ored squares indicate thermodynamically stable and unstable
phases, respectively.

studies indicated that the variable and higher Tc values
found for LaH10 arise from different degrees of boron dop-
ing [41], and a decrease in Tc with the addition of mag-
netic impurities [39]. It is of great interest to examine
the extent to which superconductivity could be further
optimized by introducing other elements to form ternary
hydrides with higher critical temperatures. An example
is the substitutional alloy of (La,Ce)H9 with a higher Tc

than pure CeH9 [37, 38], which is attributed to the ele-
ment of La having a lower mass than Ce that could im-
prove the Debye temperature of the system. Conversely,
note that Sc has a similar valence electronic structure
and a lower mass than La, allowing us to expect to tune
the superconductivity in the La-H system by the intro-
duction of Sc. To this end, using the swarm-intelligence-
based CALYPSO structure prediction method [42–44] in
combination with first-principles calculations, we system-
atically investigated the crystal structure and supercon-
ductivity of La-Sc-H system under high pressure. As a re-
sult, a clathrate structure of LaSc2H24 with two unusual
H cages of H24 and H30 was found to be thermodynam-
ically stable at 300 GPa. Remarkably, electron-phonon
coupling (EPC) simulations with considering anharmonic
effects revealed that this predicted structure is a promis-
ing hot superconductor with an estimated Tc of 330 K at
300 GPa.

Based on the results of variable-composition structure
searches, we constructed the ternary phase diagram of
La-Sc-H system at 300 GPa (see Supplemental Mate-
rial [45] for computational details). A new hydrogen-rich
compound with the formula LaSc2H24 and space group
P6/mmm is identified as thermodynamically stable at
300 GPa [Figs. 1(a) and S1(a) [45]]. As is well known,
the contribution of zero-point energy (ZPE) can influ-
ence the stability of hydrogen-rich compounds due to
the high vibrational frequency associated with the low
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FIG. 2: (Color online) (a) The crystal structure of LaSc2H24

at 300 GPa, consisting of La-centered H30 cages and Sc-
centered H24 cages. Each H30 cage contains six rhombuses,
twelve pentagons, and two hexagons, whlie each H24 cage
consists of six pentagons and three hexagons. (b) Electronic
band structure and (c) projected electronic density of states
(PDOS) of LaSc2H24 at 300 GPa.

mass of the H atoms. Including the effect of ZPE, we
found that the new LaSc2H24 compound remains ther-
modynamically stable at 300 GPa [Figs. 1(b) and S1(b)
[45]]. We also investigated the stability of LaSc2H24 at
lower pressure by calculating the enthalpy differences in
assuming several possible decomposition routes such as
solid hydrogen [50, 51] and binary hydrides [14, 15, 52–
54]. The results indicate that this new ternary hydride is
stable at pressures as low above 158 GPa (ZPE included,
see Fig. S2(b) [45]).

Moreover, the ternary LaSc2H24 compound crystallizes
in a new superhydride clathrate structure that consists
of La-centered H30 cages and Sc-centered H24 cages with
the metal atoms arranged in the AlB2 structure type [55]
[Fig. 2(a)]. The H cages themselves have unusual struc-
tures, not found in known clathrate [13–15, 22, 56] or
zeolite networks [57]: each H30 cage comprises six rhom-
buses, twelve pentagons, and two hexagons, while each
H24 cage consists of six pentagons and three hexagons.
It is also noteworthy that H-H bond lengths of 1.08, 1.12,
1.16, and 1.20 Å at 300 GPa are slightly longer than the
H-H distance (0.98 Å) in monatomic solid hydrogen at
500 GPa [58, 59]. These H-H distances are similar to
those found in CaH6 (1.24 Å at 150 GPa) [13] and LaH10

(1.07 and 1.16 Å at 300 GPa) [14, 15], thereby forming
an atomic hydrogen sublattice found in other clathrate
hydride structures and associated with their very high-Tc

superconductivity.

To examine the electronic properties, we calculated
the electronic band structure and projected electronic
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FIG. 3: (Color online) (a) Phonon spectra, where the orange
solid circles show the phonon linewidth with a radius propor-
tional to its strength, (b) projected phonon density of states
(PHDOS), (c) Eliashberg spectral function α2F (ω), and the
electron-phonon integral λ(ω) for LaSc2H24 at 300 GPa. (d)
Superconducting gap of LaSc2H24 at 300 GPa.

density of states (PDOS) of LaSc2H24 at 300 GPa.
As shown in Fig. 2(b), several electronic bands cross
the Fermi level, indicating the metallic character of
LaSc2H24. The PDOS of LaSc2H24 also shows a
large H-derived DOS (0.11 states/spin/Ry/Å3) at the
Fermi level which is slightly higher than that in LaH10

(0.09 states/spin/Ry/Å3) at 300 GPa [14, 15], indi-
cating LaSc2H24 is expected to exhibit H-dominated
high-temperature superconductivity. Full phonon and
electron-phonon coupling (EPC) calculations were thus
carried out. The phonon dispersion, with the absence
of imaginary frequency modes, confirms the dynamical
stability of the structure at 300 GPa [Fig. 3(a)]. The
projected phonon density of states (PHDOS) shows that
the phonon vibrations below 16 THz are associated with
vibrations of heavy La and Sc atoms, and the frequency
modes from 16 to 65 THz mainly originate from H atoms
[Fig. 3(b)]. The calculated total EPC constant (λ) ob-
tained by integrating over all available frequencies is 3.34,
which is dominantly derived from the EPC of H modes
(74%) [Fig. 3(c)], especially from the phonon softening
between 16 and 29 THz, which shows a large phonon
linewidth [Fig. 3(a)]. For strong EPC with λ larger
than 1.5, the Eliashberg equations could give an accurate
description through direct numerical solutions [60, 61].
The temperature-dependent superconducting energy gap
[Fig. 3(d)] shows the predicted Tc of 303-329 K at 300
GPa, assuming the Coulomb pseudopotential µ∗ of 0.16
to 0.1. In addition, our phonon simulations indicate that
LaSc2H24 is dynamically stable down to 290 GPa (Fig.
S3(a) [45]), before developing a harmonic instability at
lower pressures (Fig. S4 [45]). We thus further explore
the superconductivity in the pressure range 290 to 350
GPa within the harmonic approximation. As can be
seen from Table I, the λ and Tc of LaSc2H24 decrease

TABLE I: The calculated EPC constant λ, phonon frequency
logarithmic average ωlog (K), electronic density of states at
the Fermi level N(Ef ) (states/spin/Ry/f.u.), and supercon-
ducting critical temperature Tc (K) with µ∗ = 0.16-0.1 by
numerically solving the Eliashberg equations for LaSc2H24

within the harmonic approximation and at the anharmonic
level under given pressures (GPa).

Calculation Pressure λ ωlog N(Ef ) Tc

Harmonic
290 3.56 865 18.69 311-339

300 3.34 968 17.27 303-329

350 2.20 1294 15.64 266-294

Anharmonic

150 3.94 745 18.44 281-311

200 3.21 965 19.31 291-325

250 2.89 1075 19.63 296-331

300 2.61 1165 19.61 293-330

as pressure increases, whereas ωlog increases, which is
dominantly attributed to less phonon softening with in-
creasing pressure (Fig. S3 [45]).

It is known that anharmonic effects of quantum nuclear
and/or thermal origin can affect both for the dynamic
stability and superconductivity in many compressed hy-
drides [62–64]. We thus performed anharmonic phonon
calculations of LaSc2H24 under high pressure by using the
stochastic self-consistent harmonic approximation (SS-
CHA) approach [62, 65, 66]. The renormalized phonon
spectra at the anharmonic level (Fig. S4 [45]) indicate
that this hydride is dynamically stable down to 150 GPa,
which is significantly lower than the harmonic approx-
imation result of 290 GPa. The simulated results of
superconductivity that consider anharmonic effects via
renormalized phonon frequencies reveal that the calcu-
lated Tc could reach the highest value of 331 K at 250
GPa with µ∗ of 0.1 (Table I). This calculated Tc value is
larger than that (∼280 K at ∼210 GPa) originally calcu-
lated for LaH10 [14, 15], indicating the superconductivity
in the La-H system could indeed be surpassed with the
incorporation of Sc. Moreover, we found that there is es-
sentially no change in calculated Tc (∼330 K at 300 GPa)
after considering the self-consistent anharmonic and nu-
clear quantum effects.

In conclusion, the high-pressure phase diagram of the
La-Sc-H system examined using the swarm-intelligence-
based CALYPSO structure prediction method in com-
bination with first-principles simulations reveals a novel
hexagonal and thermodynamically stable LaSc2H24

phase at 300 GPa. The LaSc2H24 structure exhibits a
unique three-dimensional H clathrate network consist-
ing of unusual H24 and H30 cages. Most strikingly, self-
consistent phonon calculations that take into account an-
harmonic and nuclear quantum effects predict a super-
conducting Tc up to 331 K at 250 GPa, which is well
above room temperature. Our results further suggest
that ‘hot’ superconducting hydrides with Tcs exceeding
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300 K can exist in the experimentally accessible pressure
range below 300 GPa and add to the diversity of clathrate
hydride structures predicted by theory and confirmed in
the laboratory.
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A. Wrona, R. Akashi, M. M. Davari Esfahani, D. Duan,
T. Cui, A. G. Kvashnin, and A. R. Oganov, Supercon-
ductivity of LaH10 and LaH16 polyhydrides, Phys. Rev.
B 101, 024508 (2020).

[53] K. Abe, Hydrogen-rich scandium compounds at high
pressures, Phys. Rev. B 96, 144108 (2017).

[54] X. Ye, N. Zarifi, E. Zurek, R. Hoffmann, and N. W.
Ashcroft, High hydrides of scandium under pressure: po-
tential superconductors, J. Phys. Chem. C 122, 6298
(2018).

[55] W. Hofmann and W. Jäniche, Die struktur von alumini-
umborid AlB2, Z. Phys. Chem. 31B, 214 (1936).

[56] X. Zhong, Y. Sun, T. Iitaka, M. Xu, H. Liu, R. J. Hem-
ley, C. Chen, and Y. Ma, Prediction of above-room-
temperature superconductivity in lanthanide/actinide
extreme superhydrides, J. Am. Chem. Soc. 144, 13394
(2022).

[57] http://asia.iza-structure.org/IZA-SC/ftc table.php.
[58] V. Labet, P. Gonzalez-Morelos, R. Hoffmann, and N. W.

Ashcroft, A fresh look at dense hydrogen under pressure.
I. An introduction to the problem, and an index prob-
ing equalization of H-H distances, J. Chem. Phys. 136,
074501 (2012).

[59] J. M. McMahon and D. M. Ceperley, Ground-state struc-
tures of atomic metallic hydrogen, Phys. Rev. Lett. 106,
165302 (2011).

[60] A. Sanna, J. A. Flores-Livas, A. Davydov, G. Profeta,
K. Dewhurst, S. Sharma, and E. K. U. Gross, Ab ini-

tio eliashberg theory: making genuine predictions of su-
perconducting features, J. Phys. Soc. Jpn. 87, 041012
(2018).

[61] The elk code, url: http://elk.sourceforge.net/.
[62] I. Errea, M. Calandra, and F. Mauri, First-principles

theory of anharmonicity and the inverse isotope effect
in superconducting palladium-hydride compounds, Phys.
Rev. Lett. 111, 177002 (2013).

[63] I. Errea, M. Calandra, C. J. Pickard, J. Nelson, R. J.
Needs, Y. Li, H. Liu, Y. Zhang, Y. Ma, and F. Mauri,
High-pressure hydrogen sulfide from first principles: a
strongly anharmonic phonon-mediated superconductor,
Phys. Rev. Lett. 114, 157004 (2015).

[64] I. Errea, F. Belli, L. Monacelli, A. Sanna, T. Koretsune,
T. Tadano, R. Bianco, M. Calandra, R. Arita, F. Mauri,
and J. A. Flores-Livas, Quantum crystal structure in the
250-kelvin superconducting lanthanum hydride, Nature
(London) 578, 66 (2020).

[65] I. Errea, M. Calandra, and F. Mauri, Anharmonic free
energies and phonon dispersions from the stochastic self-
consistent harmonic approximation: application to plat-
inum and palladium hydrides, Phys. Rev. B 89, 064302
(2014).

[66] L. Monacelli, R. Bianco, M. Cherubini, M. Calandra, I.
Errea, and F. Mauri, The stochastic self-consistent har-
monic approximation: calculating vibrational properties
of materials with full quantum and anharmonic effects,
J. Phys: Condens. Matter 33, 363001 (2021).


