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Searching Materials Space for Hydride Superconductors at
Ambient Pressure

Tiago F. T. Cerqueira, Yue-Wen Fang, Ion Errea, Antonio Sanna,*
and Miguel A. L. Marques*

A machine-learning-assisted approach is employed to search for
superconducting hydrides under ambient pressure within an extensive
dataset comprising over 150 000 compounds. The investigation yields ≈50
systems with transition temperatures surpassing 20 K, and some even
reaching above 70 K. These compounds have very different crystal structures,
with different dimensionality, chemical composition, stoichiometry, and
arrangement of the hydrogens. Interestingly, most of these systems display
slight thermodynamic instability, implying that their synthesis will re quire
conditions beyond ambient equilibrium. Moreover, a consistent chemical
composition is found in the majority of these systems, which combines alkali
or alkali-earth elements with noble metals. This observation suggests a
promising avenue for future experimental investigations into
high-temperature superconductivity within hydrides at ambient pressure.

1. Introduction

A superconductor is a material exhibiting zero electrical resis-
tance and perfect diamagnetism when cooled below a critical
temperature Tc. Such unique properties have paved the way for
groundbreaking applications of superconductors, ranging from
powerful magnets in medical imaging, particle accelerators, or
fusion reactors to superconducting qubits in quantum comput-
ers. Since the discovery of superconductivity in Hg in 1911, re-
search on this field has focused on increasing Tc, with particular

T. F. T. Cerqueira
CFisUC
Department of Physics
University of Coimbra
Rua Larga, 3004-516 Coimbra, Portugal
Y.-W. Fang, I. Errea
Fisika Aplikatua Saila
Gipuzkoako Ingeniaritza Eskola
University of the Basque Country (UPV/EHU)
Europa Plaza 1, 20018 Donostia-San Sebastián, Spain

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202404043

© 2024 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/adfm.202404043

emphasis on achieving high Tc values above
the boiling point of nitrogen (77 K). Nowa-
days, one of the primary goals in physics
remains to find materials that exhibit su-
perconductivity at ambient conditions to
unlock new fundamental physics and en-
able wide applications of superconductors.

In the so-called unconventional su-
perconductors, showcased by cuprate
compounds, the highest superconduct-
ing transition temperatures are 134 and
164 K at ambient pressure and 30 GPa,
respectively.[1] Nevertheless, owing to the
lack of a distinct understanding of the pair-
ing mechanism, there is at the moment no
quantitative theory that can be used to pre-
dict the superconducting properties of such
systems, seriously hampering the search

for new unconventional compounds. On the other hand, the the-
oretical prediction and characterization of conventional super-
conductors, where the electrons at the Fermi surface are coupled
by phonons to formCooper pairs, can bewell addressed by a com-
bination of ab initio studies and Eliashberg theory. Unfortunately,
since the experimental observation of superconductivity inMgB2
in 2001,[2] its Tc of 39 K remains the highest among the ambient-
pressure conventional superconductors.

In the theory of electron–phonon coupled superconductors,
the critical temperature Tc is proportional to the Debye temper-
ature 𝜃D. Hydrogen, being the lightest element, provides a high
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Debye temperature to the compounds that it forms, making hy-
drides the most obvious choice in the search for conventional
high Tc superconductors.

[3] Over the past two decades, hundreds
of binary hydrides, covering the majority of the chemical ele-
ments in the periodic table, have been either theoretically pre-
dicted or experimentally observed to exhibit superconductivity.
However, in spite of chemical pre-compression in hydrides, ex-
perimental results indicate that achieving high Tc superconduc-
tivity still requires large external pressures. For example, exper-
iments have suggested that Tc > 200 K generally requires pres-
sures exceeding 150 GPa: Tc of 250 K in LaH10 at 150 GPa,[4,5]

Tc of 215 K in CaH6 at 172 GPa,[6] and Tc of 243 K in YH9 at
201 GPa,[7] to name a few examples.

Recently, the search for high Tc hydrides useful for device
applications, has shifted from solely prioritizing the enhance-
ment of Tc to achieving high Tc materials at low or even ambi-
ent pressure. Unfortunately, only a few superconducting binary
hydrides have been found in ambient-pressure experiments, and
their critical temperatures are below or near 10 K, for instance
PdH with Tc of 9 K,

[8] TiH0.71 with Tc of 4.3 K,
[9] MoH1.2 with Tc

of just 0.92 K,[10] Th4H15 with Tc of 8.2 K,
[11] NbHx < 0.7 with Tc of

9.4 K,[12] and ZrH3 with Tc of 11.6 K.[13] All these experimental
studies (except the case of ZrH3) were carried out more than 30
years ago.

Compared to the binary hydrides, the ternary, or more gener-
ally, the multinary hydrides have a much larger structural phase
space and are therefore expected to host higherTcs at low and am-
bient pressures.[14,15] There were several experimental studies in
the 1970s in ternary hydrides such as HfV2Hwith a Tc of 4.8 K

[16]

and Pd0.55Cu0.45H0.7 with a Tc of 16.6 K.[17] However, more re-
cently, theoretical reports that are facilitated by high-throughput
calculations, high Tc templates, crystal structure prediction, or
machine learning methods, have pioneered the exploration of
promising superconducting hydrides at low/ambient pressure.
Due to the strong quantum ionic and anharmonic effects, both
BaSiH8

[18] and LuN4H11
[19] are predicted to exhibit dynamical sta-

bility and high Tc of 94 and 100 K, respectively, at 20 GPa. The
compound CsBH5 is predicted to have a strong electron–phonon
coupling constant 𝜆 of 3.96 at 1 GPa, resulting in a high Tc of
83 K.[20] The deep-learning-recommendedMgBH[21] and the per-
ovskite MgHCu3

[22] are predicted by electron-phonon coupling
calculations to show Tc values of 15.5 and 42 K at atmospheric
pressure, respectively. Finally, Mg2IrH6 with a Tc above 80 K was
predicted, together with other compounds with the same cubic
structure, in our recent study[23] and in Ref. [24].

Herein, we use a machine-learning method to accelerate the
search of superconductivity in a dataset of more than 150 000
hydrides. Our workflow has identified 54 compounds with Tc ex-
ceeding 20 K, most of which have not been reported previously.
These results provide a huge platform for ambient-pressure su-
perconducting hydrides, invitingworldwide experimental groups
to explore their synthesis, and further study the transport
properties, Meissner effect, isotope effect and potential device
applications.

2. Results and Discussion

Here we are concerned with hydrides only. To identify such com-
pounds, that are potentially high-temperature conventional su-

perconductors at ambient pressure, we used a machine learning
accelerated workflow along the lines of Ref. [25]. Unfortunately,
the dataset of Ref. [25] did not include any high-temperature hy-
dride (with the exception of PdH which has a too-high Tc in the
harmonic approximation), so the machine trained in this dataset
had difficulties predicting hydrides. To circumvent this problem,
we added manually a series of hydrides to the dataset and re-
trained the machine, which was subsequently used to predict
the superconducting properties of the hydrides present in the
alexandria database.[25,26] This workflow consists of three main
steps: 1) a machine learning model provides a first crude (but
extremely fast) pruning of the data, filtering out materials that
are unlikely to show high Tc 2) compounds predicted to have
Tc above 20 K are then analyzed with density-functional pertur-
bation theory (DFPT) and added to the dataset, while materials
showing imaginary phonon frequencies are discarded 3) a set of
very accurate calculations are performed for the most promis-
ing materials using state-of-the-art first principle methods. We
note that step 2) validates 1) and 3) validates 2), allowing for the
identification of the false positives. Eventual false positives re-
sulting from incorrect machine learning predictions that are not
captured by retraining the model are, unfortunately, overlooked.
Our final model had an error of 1.93 K for Tc, 22.47 K for 𝜔log,
and 0.16 for 𝜆. This should be compared to the average values in
the training set of 3.41 K, 233.38 K, and 0.48, respectively.

In Tables 1 and 2 we present all the hydrides predicted to have
superconducting transition temperatures above 20 K (see Sup-
porting Information for extra details for each compound). We
note that the values presented in the tables are the ones obtained
with density-functional perturbation theory and the Allen–Dynes
formula, and not the values predicted by the machine-learning
model.We divided the compounds by families, and ordered byTc,
in order to facilitate the analysis. Aswe can see,many compounds
belong to just a few families such as the SM2-TM-H6 family,[23,27]

perovskites (both normal and inverted), and double perovskites.
There is also a striking regularity in what concerns the chemical
compositions. In fact, the large majority of the hydrides include
both a simple metal (SM), typically an alkali, alkali earth, or even
a IIIA or IVA element, and a transition (TM) or noble metal.

2.1. SM2-TM-H6

Four elements of the SM2-TM-H6 family have already been
discussed in Ref. [23], namely Mg2RhH6, Mg2IrH6, Mg2PdH6,
Mg2PtH6, and a few more were proposed in Ref. [27]. This struc-
ture, depicted in Figure 1a, is described by a face-centered cubic
lattice with space group Fm3̄m. Here, the SM atoms are in the
8c, the TM atoms in the 4a, and the H atoms in the 24e Wyck-
off positions. As we can see from Figure 1a, the H atoms form
isolated octahedra around the TM atoms. All high-temperature
superconductors we found within this family were perfectly sym-
metric and did not exhibit any deformation of the octahedra.

From the chemical point of view, in all our systems SM is a
simple metal from groups IA, IIA, or IIIA while TM is a transi-
tion or a noble metal (see Table 1). It is simple to understand the
chemical compositions in Table 1 by a simple electron counting
argument. The parent compound of this family, Mg2RuH6,

[29,30]

is a stable semiconductor. Considering the standard oxidation
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Figure 1. Crystal structures of selected hydrides. The lines indicate the conventional cell. In the pictures H atoms are white, Li and Be green, Na yellow,
Mg orange, K violet, Cu dark blue, Zr green, In pink, Cs cyan, Pd and Pt grey, and Au orange.

states of +2 for Mg and –1 for H in hydrides, this leads to +2
for Ru, a standard oxidation state found in this metal (although
less common than the +3 or +4 states). In total, this compound
has 18 valence electrons that fill completely the electronic valence
states. A superconducting state emerges when this compound is
doped with electrons, either one per formula unit (e.g., Mg2IrH6,
Al2TcH6, or Na2AuH6) or two per formula unit (e.g., Mg2PtH6 or
Ga2RuH6).

From the electronic point of view, all compounds with SM be-
ing an alkali or an alkali earth are quite similar. The SM atom is
fully ionized, so the top of the valence bands and the bottomof the
conduction bands [31] are dominated by H and TM states. There
are, of course, some changes to the dispersion of the bands that
are system-specific, leading to different densities of states at the
Fermi level, even for compounds that are isoelectronic. The situ-
ation is slightly more complicated when the SM is a group IIIA
metal, as its states are not entirely ionized. This leads to an en-
tirely different dispersion of the bands and therefore a different
Fermi surface. In spite of this, the superconducting properties
are in line with the ones of the IA and IIA-based compounds.

Concerning the phonon dispersions (see Supporting Informa-
tion), the low energy modes are usually dominated by the TM
atom, as expected by their larger mass, followed by a manifold
composedmainly by the SMatom.However, in some caseswhere
SM is a group IIIA metal, we see a strong mixture of SM and TM
states in the low energy range (e.g., in Al2TcH6 or in Al2ReH6).
The higher energy states, that contribute mostly to 𝜆 are domi-
nated by the vibrations of the hydrogen octahedra. Themaximum
phonon frequencies present in the spectrum can go from ≈125
to almost 240 meV, depending on the chemical composition.

These compounds exhibit a wide range of values for 𝜔log
with the lowest being 292 K (Ga2RuH6) up to more than 770 K

(Mg2PtH6 and Mg2RhH6). On the other hand, the values of the
electron-phonon coupling constant are typically ≈1–1.2. Excep-
tions to this are Ga2RuH6, which has a very soft mode at the X-
point (that is also responsible for the abnormally low value of
𝜔log for this compound), and Mg2NiH6 which has the low-value
𝜆= 0.61 (partially compensated by the high value of𝜔log = 921 K).
The combination of high 𝜔log and relatively high 𝜆 allows for dy-
namically stable crystals with the very high values of Tc present
in Table 1.

For the materials of this family with distances to the hull be-
low 100meV per atom, we performed ab initiomolecular dynam-
ics simulations in order to analyze their kinetic stability. The re-
sults did not show any phase transition up to 150 K with sug-
gests the stability of these materials at temperatures above their
Tc (see Supporting Information).

2.2. Perovskites

Concerning the hydride perovskites, we find both normal (see
Figure 1b) and inverted systems. There are a series of hydride per-
ovskites that have been synthesized experimentally.[32] Many of
these are charge compensated, often combining an alkali and an
alkali earth in positions 1a and 1b, such as LiBeH3,

[33] BaLiH3,
[34]

or KMgH3.
[35] Not surprisingly, such systems are semiconduct-

ing. There are, however, a few non-charge compensated systems
that have been discovered, such as AlSrH3

[36] (obtained through
a high-pressure synthesis procedure) or SrPdH2.7.

[37] There are
also a few inverted (anti-)perovskites reported in the experimen-
tal literature, such as ChHM3 where M = Li, Na, and Ch is a
chalcogen[38] or InH0.8Pd3.

[39]

The band structure of KInH3 has a characteristic very disper-
sive, parabolic band centered at R that crosses the Fermi level. All
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Table 1. Superconducting transition temperatures calculated with the
Allen-Dynes formula (TAD

c in K), logarithmic average of the phonon fre-
quencies (𝜔log in K), average of the square of the phonon frequencies (𝜔2

in K), electron–phonon coupling constant (𝜆) and distance to the convex
hull of stability (Ehull in meV per atom). The first column of the table con-
tains a running number that can be used to identify the compounds in
the Supporting Information.

# TAD
c 𝜔log 𝜔2 𝜆 Ehull Comment

SM2-TM-H6
[27]

1 Li2CuH6 86.0 491 890 1.96 171

2 Mg2PtH6 78.3 770 922 1.24 140 [23]

3 Mg2PdH6 63.8 760 911 1.08 120 [23]

4 Mg2IrH6 59.4 634 1052 1.16 61 [23]

5 Mg2RhH6 53.8 771 1132 0.96 30 [23]

6 Na2AgH6 46.1 511 1000 1.12 204

7 Al2MnH6 43.9 587 1014 1.00 68

8 Al2TcH6 43.1 484 964 1.11 53

9 Al2ReH6 36.4 505 994 0.98 55

10 Ca2AgH6 35.9 418 740 1.09 166

11 Ca2LiH6 33.0 433 706 1.01 226

12 Na2AuH6 31.6 632 1196 0.80 73

13 Na2CuH6 29.4 580 1122 0.81 135

14 Ga2RuH6 26.9 292 822 1.14 230

15 Mg2NiH6 22.7 921 1120 0.61 63

16 Ga2OsH6 20.9 262 841 1.04 179

Perovskites

17 KInH3 72.9 487 698 1.70 77

18 Al4H 30.4 430 546 0.97 136 [28]

19 AlHgH3 28.4 403 854 0.96 278

20 PbHgH3 25.8 462 808 0.85 420

21 PbOsH3 23.2 292 722 1.03 369

22 TiHMg3 21.8 196 362 1.31 370 inverted

Double Perovskites

23 K2InCuH6 53.0 510 716 1.25 47

24 K2LiCuH6 47.1 470 719 1.21 116

25 Na2LiCuH6 45.9 666 950 0.95 102

26 Na2SiPdH6 39.8 875 1062 0.77 84

27 Na2LiZnH6 37.8 519 763 0.98 146

28 Na2GaRuH6 35.2 535 864 0.93 162

29 Cs2NaSnH6 34.5 324 588 1.27 67

30 K2AlHgH6 32.5 349 701 1.15 86

31 K2HgAuH6 32.5 396 913 1.06 49

32 K2InAgH6 31.7 660 860 0.79 32

33 Rb2AlHgH6 31.4 140 463 2.53 83

34 Na2CdCuH6 26.0 740 986 0.69 63

35 Na2MgCuH6 24.7 251 707 1.20 92

36 Pb2CuRuH6 23.7 243 712 1.19 149

37 K2AlCdH6 21.0 507 834 0.74 74

other hydride perovskites have very diverse electronic band struc-
tures and Fermi surfaces. We note due to the high Fermi velocity
of the bands, the density of electronic states at the Fermi level
is not extremely high in most cases. The low-energy phonons
of the normal hydride perovskites are as expected dominated
by the heavier atoms, but have a sizeable contribution to 𝜆. In

Table 2. Continuation of Table 1.

# TAD
c 𝜔log 𝜔2 𝜆 Ehull comment

Other structures

38 Be8H 65.9 588 718 1.34 202 [43]

39 Mg2SrPtH8 49.4 568 925 1.10 117

40 Mg2SrPdH8 49.1 652 925 1.00 93

41 Mg2BaPdH8 41.6 646 939 0.92 63

42 Mg2BaPtH8 38.4 590 961 0.92 102

43 Na2AuH4 43.8 394 598 1.31 35

44 LiPdH2 38.6 532 849 0.98 108 [44]

45 NaPdH3 29.3 215 722 1.56 193

46 Na3Pd2H9 25.3 516 1031 0.80 86

47 Li2AuH2 20.8 368 762 0.86 59

48 Li4BeH5 37.2 465 716 1.04 154

49 PdH 34.9 343 429 1.24 8 [8,45]

50 InH 31.2 312 724 1.20 223

51 ZrH3 25.8 363 748 0.97 105 [13]

52 InH3 20.6 218 700 1.17 286

53 Zr2HfH8 25.1 266 663 1.16 94

54 KBePtH6 39.9 371 764 1.27 138

55 RbBePtH6 37.9 379 767 1.21 135

56 CsBePtH6 30.9 370 787 1.07 130

57 Li2CuGaH6 37.9 527 891 0.97 133

58 K2AgCdH6 27.5 422 775 0.92 75

59 Na2PdIrH6 23.5 456 736 0.82 93

many of these systems, H modes are highly dispersive and can
be found ≈30–180 meV. The inverted perovskite has a very dif-
ferent phonon dispersion: in TiHMg3 the H-modes are lower in
energy and are more dispersive, almost touching the low-energy
Ti–Mg modes, and contribute significantly to the binding of the
Cooper pairs.

Values of 𝜔log for the normal perovskites are not particularly
large and are found in the range of 40–60 meV. This is however
compensated by rather large values of 𝜆 that can reach 1.70 for
KInH3. In the inverted perovskite, the situation is similar, but
with even lower values of 𝜔log. Finally, we would like to mention
Al4H, a material proposed in Ref. [28] where Al occupies both the
1b and 3d Wyckoff positions of the cubic perovskite structure.

2.3. Double Perovskites

In view of the number of normal perovskites we found, it is not
surprising that several double perovskite systems (see Figure 1c)
also appeared in our survey. From Table 1 we see that the 8c
position (the counterpart of the 1a position of the ternary per-
ovskites) is mostly occupied by an alkali (with the exception of
Pb2CuRuH6), while the 4a and 4b positions include two cations,
often combining a SM with a TM. Of course, the quaternary sys-
tem allows for a much larger number of chemical compositions
than the ternary one.

To our knowledge, there are no experimentally synthe-
sized hydride double perovskites. However, these systems have
been proposed theoretically as high-temperature ferromagnetic

Adv. Funct. Mater. 2024, 2404043 2404043 (4 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202404043 by M
PI 349 M

icrostructure Physics, W
iley O

nline L
ibrary on [21/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

semiconductors[40] and the effect of strain on the hydrogen stor-
age characteristics in K2NaAlH6 has been studied in Ref. [41].

What is perhaps surprising is the diversity of electronic band
structures and of Fermi surfaces for the double perovskites of
Table 1. In all cases with an alkali in 8c position, these atoms are
fully ionized and do not contribute to the density of states at the
Fermi level. The Fermi level, instead, contains states of H and of
the cations in positions 4a and 4b. The chemical diversity of these
ions, with some having d states and others not, leads to different
band structures close to the Fermi level. From this we can con-
clude that the detailed shape of the Fermi surface or the Fermi ve-
locity are not determinant factors for the superconducting prop-
erties of double perovskite hydrides, but only the contribution of
H to the density of states at the Fermi level.[42] The same holds
true for the phonon band structure. Although the cations in the
4a and 4b positions are normally responsible for the acoustic and
low-lying optical modes, the higher-lying optical modes show a
variety of dispersions and frequencies. The highest optical mode
is usually in the range of 135–175 K.

We can see from Table 1 that values of 𝜆 are between 0.7–1.25,
while 𝜔log is between 250 and 875 K. These compounds show
extremely well that the highestTc is obtained through the synergy
between 𝜆 and 𝜔log, and not by extreme values of either quantity.
We emphasize that in none of the normal, inverted, or double
perovskites we encounter any rotation or tilting of the octahedra
that are so common in oxide perovskites.

2.4. Other Compounds

From the compounds in Table 2, the one with the highest pre-
dicted Tc is Be8H. This material, proposed as a high-temperature
superconductor in Ref. [43] is composed by double triangular lay-
ers of Be intercalated with triangular layers of H. It has a com-
plicated band structure, with different bands crossing the Fermi
energy. Interestingly, the large value of 𝜆 = 1.34 is mainly due
to the lowest-lying optical modes of Be, although with a non-
negligible contribution of the three high-frequency modes com-
posed mostly of H vibrations.

We then encounter four closely related systems, specifically
Mg2{Sr,Ba}{Pt,Pd}H8 with predicted transition temperatures of
≈49 K (for the Sr compounds) and 40 K for the Ba compounds.
These crystallize on a trigonal phase with alternating layers of
Mg2{Pt,Pd}H6 and {Sr,Ba}H2. We find two bands crossing the
Fermi surface, with one of the crossings (at the H point) exactly
at the Fermi energy. Due to the difference in atomic masses, the
phonon frequencies are well separated, with the acoustic and
lowest-lying optical branches with {Sr,Ba} and {Pt,Pd} charac-
ter, followed by modes with mostly Mg character. Finally, the H
vibrations form two separated manifolds at higher energy span-
ning frequencies from 40 to 140 meV. The electron-phonon cou-
pling constants for these materials are ≈𝜆 = 1, but 𝜔log has large
values of ≈600–650 K.

With transition temperatures between 20 and 44 K we find a
series of systems with similar chemistry, specifically with com-
positions involving one light alkali metal (Li or Na) and one no-
ble metal (Au or Pd, see examples in Figure 1d–f). The one with
the highest transition temperature is Na2AuH4, a tetragonal com-
pound with alternating layers of Na and AuH4. In the latter com-

pound, the H atoms form the vertices of isolated squares aligned
with the direction of the layer, with the Au atoms at the center
of the squares. There are two bands crossing the Fermi surface,
with a Dirac band crossing at the Fermi energy at a point between
X and Σ. The relatively high Tc is mostly due to the electrons with
the lowest-lying H-modes at ≈40 meV.

The next compound, LiPdH2 has delafossite structure with
PdH2 layers intercalated with Li (see Figure 1d). This material,
with a predicted Tc of almost 40 K has already been discussed
in Ref. [44]. Next, come two Na-Pd hydrides, with very different
stoichiometries, structures, and superconducting properties, but
with similar Tc. The first, NaPdH3, is cubic, with sharing PdH6
octahedra tilted with respect to each other, with all H atoms
shared between two octahedra. The second, Na3Pd2H9 has
aligned PdH6 octahedra that form chains through the sharing
of two H per octahedron (see Figure 1e). These two compounds
exhibit very different band structures: the first has many bands
crossing the Fermi surface, leading to a complicated Fermi
surface; the second has two bands at the Fermi level, with several
crossings at, or near, the Fermi energy. Both compounds have
phonons arranged in three well-separated manifolds with com-
parable energies, with the acoustic and low-lying optical branches
with Pd–Na character, and the two higher-lying manifolds due
to H-vibrations of the octahedra. Finally, Li2AuH2 has a very
interesting structure, with AuH2 linear units alternating with
layers of Li. The values of 𝜆 = 0.86 and 𝜔log = 368 K are relatively
modest for the hydrides in this list, leading to a Tc ≈20 K.

The structure of Li4BeH5 is very interesting, with the Li atoms
forming a snub-square lattice[46] when viewed from the c-axis.
There are two electronic bands crossing the Fermi surface, one
with high Fermi velocity while the other forms a pocket around
the M-point. The Fermi level lies on a steep shoulder of the
density-of-states, suggesting the Tc could be increased by elec-
tron doping. The phonon branches contributing the most to 𝜆

are the lower-lying modes, where one sees a strongmixture of Li,
Be, and H modes.

Next in Table 2 comes a series of simple transition metal hy-
drides with Tc in the range of 20–35 K. PdH is a well-known
superconductor[8] where anharmonic effects have a huge effect
in decreasing the transition temperature.[45] On the other hand,
ZrH3 (see Figure 1g) has been recently reported with a Tc =
11.6 K.[13] We also find two indium hydrides: the rather thermo-
dynamically unstable InH has a very simple hexagonal structure
with two atoms in the unit cell. There are two very dispersive
bands crossing the Fermi surface, leading to a relatively low den-
sity of states at the Fermi surface. Indium and hydrogen phonons
are well separated, with the three acoustic (indium) and the first
and second optical (hydrogen) branches contributing the most to
𝜆. Finally, Zr2HfH8 has a curious crystal structure that has the
form of a Triakis triangular tiling, with {Zr,Hf} in the hexago-
nal positions when viewed from the a-axis. Of course, due to the
similarity between Zr and Hf we can expect a certain amount of
alloying in the cation positions. The Fermi surface is quite com-
plicated, with many bands crossing the Fermi surface, and the
Fermi level lies on the steep shoulder of the density of states.
Most of the value of 𝜆 = 1.16 comes from the lowest manifold
of phonon bands composed exclusively of Zr and Hf vibrations
and from the lowest hydrogen vibrations, while the higher optical
hydrogen modes couple very weakly to the electrons.

Adv. Funct. Mater. 2024, 2404043 2404043 (5 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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The three compounds {K,Rb,Cs}BePtH8 have a hexagonal
structure, with BePtH8 layers intercalated by alkali layers (see
Figure 1h). The band structure close to the Fermi level is es-
sentially determined by the BePtH8 layers. These are characteris-
tic of an indirect band gap semiconductor with heavy holes and
light electrons. The extra electron donated by the alkali atom half-
fills the conduction band leading to a metallic ground-state. The
strong electron–phonon coupling constants 𝜆 = 1.07–1.27 are
mainly due to vibrations of the heavy atoms and the lowest-lying
hybridized Be–H modes. We also see that 𝜔log is basically inde-
pendent of the alkali, while 𝜆 decreases going from K to Cs, lead-
ing to a decrease of Tc.

Finally, we find three systems, Li2CuGaH6, K2AgCdH6, and
Na2PdIrH6 with similar chemical compositions, but different
crystal structures and electronic and phononic band structures.
In spite of this, they all have similar values of 𝜆 and 𝜔log, leading
to Tc between 23 and 37 K.

2.5. Statistical Analysis

These examples show that there is not a unique or simple recipe
linked to strong superconductivity in hydrides at ambient pres-
sures. However, we can see some patterns from a statistical anal-
ysis of our dataset. In Figure 2a we analyze the correlation be-
tween the thermodynamic stability andTc. This figure is obtained
by grouping the materials according to their energy from the
hull and, for each group, computing the histogram of Tc val-
ues (i.e., the number of materials in the figure is normalized
column-wise). The figure shows that, while there is not a di-
rect proportionality between Tc and thermodynamic stability, the
chance of finding high Tc outliers increases significantly with the
distance from the hull. We identify two regions (separated by a
dashed line): a high Tc zone where materials are rare (“[1]” in
the Figure) and a low-Tc zone with a high density of materials
(“[2]” in Figure). Ideally we would be interested in high Tc stable
materials, but this set appears to be rather empty. Therefore the
sparse region of high stability and high Tc is the most promising
search domain.

A second aspect that emerges from our analysis is the com-
plex relation between hydrogen and superconductivity. As shown
in Figure 2c there is a correlation between high hydrogen con-
tent at the Fermi level (as measured by computing the H frac-
tion of the density of states) and Tc. High hydrogen content is
linked (as it should be)[3,42] to higher values of Tc (region “[1]” in
Figure 2c. Unfortunately, the high hydrogen content also corre-
lates with thermodynamic instability. As shown in Figure 2b, by
increasing theH content the center of mass of thematerial distri-
bution shifts toward higher energy (region “[1]” of the plot). Note
that the data are normalized row-wise. From this figure it is clear
that the region of interest is inmaterials for which the Fermi den-
sity of states is dominated by the host chemical composition and
the H contribution is less than 50% of the total. This region is
indicated by the label “[2]” in Figure 2b,c.

2.6. Analysis of Selected Hydrides

Among the superconducting hydrides predicted in our high-
throughput search we have selected a small set of compounds

Figure 2. Analysis of superconducting hydrides: a) Histogram of Tc as a
function of the distance to the convex hull. The dashed line is a guide
to the eye marking a threshold in critical temperature separating high
from low probability regions. The histogram is normalized column-wise
and a color-bar (white to blue) indicates the normalized histogram height.
b) Relation between the distance do the convex hull and the hydrogen con-
tribution to the density of states at the Fermi level. c) Relation between Tc
and the hydrogen contribution to the density of states at the Fermi level.
The histograms in (b) and (c) are normalized row-wise. Stars show some
of the materials discussed in Section 2.6.

and investigated these with higher accuracy and in further detail.
There are two main problems we want to address here: 1) The
high density of states at the Fermi level of these compounds,
and the fact that the Fermi level is often at a steep shoulder or
a peak, which makes the convergence with respect to smear-
ing and k-points very complicated. 2) The replacement of the
Coulomb interaction by the number 𝜇* that is given a rather ar-
bitrary value (usually ≈0.10) is hardly justified for many of the
high Tc hydrides.

[47–49] Instead, the full energy dependence of the
Coulomb term should be maintained in the calculation of the su-
perconducting properties.

The list of compounds that we selected, together with some of
their properties are collected in Table 3, which includes four ma-
terials Mg2XH6 with X = Rh, Pd, Ir, Pt already discussed in Ref.
[23]. These are outlier materials with respect to the general trends
discussed in the previous section, close to the hull of stability and
with high Tc. First, we observe that the calculated Tcs reported in
Table 3 are in most cases lower than that listed in Table 1 and
Table 2. In some cases, such as LiPdH2 and Mg2SrPdH8, the dif-
ference is related to changes in the estimated e-ph coupling pa-
rameters (owing to the increased numerical accuracy), however,
in most of the cases the e-ph coupling is confirmed and the lower
Tc stems from a strong Coulomb repulsion, which here we com-
pute from first principles.

Adv. Funct. Mater. 2024, 2404043 2404043 (6 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Coupling parameters entering the isotropic Eliashberg equations.[53,54] The quantity W(𝜉, 𝜉′) is the Coulomb interaction computed in the
random phase approximation, 𝜇(𝜉) ≔ W(𝜉, 𝜉)N(𝜉) is the product of W and the density of electronic states. Finally, 𝛼2F(𝜔) is the Eliashberg electron–

phonon function, 𝜆(𝜔) := 2 ∫ 𝜔

0
𝛼2F(w)

w
dw is the coupling integration curve.[49] The colors of the plotted lines in each panel correspond to the labels on

the vertical axes.

Table 3. Electron–phonon coupling constant 𝜆, logarithmic average of the
phonon frequencies 𝜔log (in K), density of states at the Fermi level NF (in
(eV cell)−1), the H content at the Fermi level (%), the Coulomb potential 𝜇,
transition temperatures Tc (in K) and superconducting gapsΔ (in meV) for
the twelve compounds reported here. Calculations were performed with
the isotropic Eliashberg equations including full ab initio Coulomb inter-
actions.

𝜆 𝜔log NF H% 𝜇 Tc Δ

Mg2RhH6 1.3 766 2.32 18.4 0.45 48.5 8.4

Mg2PdH6 1.1 754 0.80 28.3 0.17 66.5 11.2

Mg2IrH6 2.13 581 2.90 15.2 0.58 77.0 16.3

Mg2PtH6 1.4 696 1.03 22.6 0.20 80.4 15.0

K2InCuH6 1.14 448 1.38 32.2 0.26 41.9 7.0

K2LiCuH6 1.28 354 2.34 49.6 0.35 32.7 5.6

Mg2SrPdH8 0.84 608 1.10 26.3 0.19 31.8 5.1

Na2AuH4 1.28 391 1.09 20.2 0.27 38.0 6.6

LiPdH2 0.80 454 0.53 14.9 0.16 23.7 3.8

Li4BeH5 0.95 460 1.05 30.4 0.31 22.8 3.7

The hydrogen contribution to the pairing is evident from the
phonon band structure and electron–phonon coupling functions
reported in Figure 3. In fact,more than 50%of the integrated cou-
pling constant 𝜆 originates from pure-hydrogen phonon modes,
which as we discussed above, tend to be well separated from the
vibrational modes of the host elements. The only exception to
this is Li4BeH5, where we see a low-energy region of mix-modes.
In stable materials at low pressure hydrogen bonds are usually
completely saturated, therefore hydrogen modes have no cou-
pling with states at the Fermi level. What makes these hydrides
quite special is that hydrogen states contribute significantly to the

Fermi density of states (of the order of 25% according to atomic
projections), furthermore they are not localized but strongly over-
lapping and hybridizing with the states of the host similar to what
occurs in high-pressure superconducting hydrides.[49]

The screened coulomb interaction W (red curves in the panels
in the first and third rows of Figure 3) is computed in the ran-
dom phase approximation which is expected to be quite accurate
for this class of materials.[50] The diagonal part of the W-function
is relatively featureless, showing a nearly monotonous decrease
with the band energy. This behavior, reminiscent of free electron
systems, indicates that electronic states are well-screened.[50,51]

However, the strength and effectiveness of the Coulomb repul-
sion is strongly affected by the density of states which shows a
complex material dependence. The most peculiar cases are the
Mg2IrH6 andMg2RhH6 systems where the Fermi level is pinned
to a peak in the density of states, leading to a complicated (and
quite poor) Coulomb renormalization mechanism.[52] To a lesser
extent a peak in the density of states also causes LiK2CuH6 to be
characterized by a strong Coulomb repulsion. The other materi-
als in the set are less problematic.

3. Conclusion

We presented amachine-learning-assisted approach to search for
superconducting hydrides under ambient pressure within an ex-
tensive dataset comprising over 150 000 compounds. Our inves-
tigation yielded ≈50 systems with transition temperatures sur-
passing 20 K, and reaching above 70 K. These systems have a
large variety of crystal structures and geometrical characteristics.
However, we find a consistent chemical composition in the ma-
jority of these systems, which combines alkali or alkali-earth ele-
ments with noble metals.
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On the downside, we observe that most of the systems we find,
while being dynamically stable, are not on the hull of thermody-
namic stability (while being close to it). This points to the fact
that the experimental synthesis of our predicted compoundsmay
require conditions beyond ambient equilibrium and skilled ma-
terial engineering strategies.

A statistical analysis of our predictions, as well as in-depth the-
oretical characterization for a set of selected materials, provide a
reasonably clear picture of the superconducting mechanism in
hydrides at room pressure. The crucial aspect is that hydrogen
states are present at the Fermi level, strongly hybridized with
those of the host. These are delocalized (non-molecular) metallic
states that are well screened and lead to large values of the density
of states. In this situation, bothmediumor high-energy hydrogen
phononmodes and low-energy host modes contribute to the cou-
pling 𝜆. The final value of Tc is a complex interplay of a large den-
sity of states, correct phonon energies, high hydrogen contribu-
tion to the Fermi density of states and low Coulomb repulsion. In
a statistical sense, we observe that there is a direct correlation be-
tween low thermodynamic stability, high hydrogen content and
high Tc. This observation suggests a promising avenue for future
experimental investigations into high-temperature superconduc-
tivity within hydrides at ambient pressure.

4. Computational Methods

All density-functional perturbation theory calculations were per-
formed using versions 6.8 and 7.1 of quantum espresso[55,56]

with the Perdew–Burke–Ernzerhof (PBE) for solids (PBEsol)[57]

generalized gradient approximation.
Geometry optimizations were performed using uniform Γ-

centered k-point grids with a density of 3000 k-points per recip-
rocal atom. If this resulted in an odd number of k-points in a
given direction, the next even number was used instead. Con-
vergence thresholds for energies, forces and stresses were set to
1 × 10−8 a.u., 1 × 10−6 a.u., and 5 × 10−2 kbar, respectively. For
the electron–phonon coupling, a double-grid technique was em-
ployed with the k-grid used in the lattice optimization doubled
in every direction as the coarse grid, and a k-grid quadrupled in
each direction as the fine grid. For the q-sampling of the phonons,
half of the k-point grid described above was used. The double 𝛿-
integration to obtain the Eliashberg function was performed with
a Methfessel-Paxton smearing of 0.05 Ry.

Distances to the convex hull were computed using the PBEsol
approximation.[57] All pertinent materials available in the Alexan-
dria database[26,58] were considered and they were re-optimized
following Ref. [59]. This set of materials included most of the
experimentally known hydrides present in the Inorganic Crystal
Structure Database,[60] as well as many theoretical phases. Most
of the theoretical phases were constructed by analogy, substitut-
ing the metals in known hydride structures with other “simi-
lar” chemical elements. The chemical element substitutionswere
suggested either by a similarity scale[61] or by using machine
learning models.[26] It was noted that this dataset, together with
the rest of Alexandria, can be freely accessed through an opti-
made interface.[62] The convex hull of Alexandria included ≈120
000 compounds, and was by far the largest freely available. How-
ever, as the complete hull was not known, the calculated distances
to the convex hull should be regarded as a lower limit.

For the machine learning part, the alignn[63] model was
trained using as targets, simultaneously, 𝜆, 𝜔log and Tc with the
error for each property weighted equally, as these are the choices
yielding the best results. The default hyperparameters were used.
The final models can be downloaded from https://github.com/
hyllios/utils/tree/main/models.

A few superconductivity simulations were performed with
isotropic Eliashberg theory[53,54] including full ab initio Coulomb
interactions. The Eliashberg 𝛼2F function was computed us-
ing quantum espresso[55,56] and density functional perturbation
theory.[64,65] A converged momentum integration was performed
by mapping the calculated electron–phonon matrix elements
to a random set of 60 000 k-points accumulated on the Fermi
surface.[66,67] All calculations were done using PBEsol pseudo po-
tentials from the strict set of PseudoDojo[68] and a 100 Ry energy
cutoff for the planewave expansion. A 163(83) k-grid(q-grid) was
used for the zone sampling in calculating the dynamical matrices
of Mg2XH6 and LiPdH2, a 12

3(63) k-grid(q-grid) was used for the
other systems in Table 3. Screening was computed[69] in the ran-
dom phase approximation which was expected to be sufficiently
accurate for this class of materials.[50] The response function was
calculated with a G-vector cutoff of three atomic units and an en-
ergywindow of twoHartrees. The k-grids formomentum integra-
tion of the Coulomb interaction converged to 10% in the value of
𝜇, and ranged from 53 in Mg2SrPdH8 to 12

3 in LiPdH2.
To verify the kinetic stability, NpT simulations were performed

using vasp. Supercells with 270 atoms were used, obtained using
the find_optimal_cell_shape routine from ASE.[70] The system
was first thermalized during 2000 steps, during which the tem-
perature was increased linearly from 0 to 150 K. Then 5000 steps
were performed at constant temperature. The time step was set
to 1 fs, and Langevin dynamics were used to model the thermo-
stat and the barostat. For consistency, the PBEsol approximation
was used for the exchange-correlation functional.
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