npj | computational materials

Article

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

https://doi.org/10.1038/s41524-026-02040-x

Prediction of ambient-pressure high-
temperature superconductivity in
electronically modified transition-metal

hydrides

% Check for updates

Haowei Xu'?

, Olivia Schneble®, Rafael Jaramillo®, Marek Polanski* & Ju Li?®

The search for conventional superconductors with high transition temperatures (T ) has largely
focused on intrinsically metallic compounds. In this work, we explore the potential of intrinsically non-
metallic compounds to exhibit high-T . superconductivity under ambient pressure through carrier
doping. We identify MgAlFeHs, a representative of carrier-doped transition-metal hydrides like
Mg.FeHs, as a promising example with a predicted T, =~ 130 K. We propose that the average
projected electron density of states (DOS), defined as the geometric mean of the total and hydrogen-
projected DOS at the Fermi level, serves as a simple and computationally inexpensive indicator of
high-T . behavior. Notably, the correlation between T and the average projected DOS is stronger than
that between T and either total DOS or hydrogen-projected DOS. We also highlight the tradeoff
between high-T, and dynamic stability, both of which depend on the electron DOS at the Fermi level.
Our findings thus expand the pool of potential superconducting materials and offer a practical route for
accelerating the discovery of superconductors suitable for real-world applications.

Since the discovery of superconductivity in mercury in 1911, researchers
have persistently sought materials with superconducting transition tem-
peratures T, above room temperature (2 300K), or at least above the
temperature of liquid nitrogen (= 77K). While the latter have been
achieved in a class of cuprate compounds', their underlying physical
mechanism remains elusive. In contrast, the mechanism of so-called con-
ventional superconductivity is well established through the BCS theory™,
where phonons are responsible for electron pairing. For decades, the T', of
conventional superconductors remains far below the temperature of liquid
nitrogen. This changed with the advent of hydride compounds, particularly
H3;S, which demonstrates a T, of around 200 K in both ab initio calculations
and experiments’”. Furthermore, several other hydrides, including YH,",
CaHg’, and LaH,('", have also been proposed to have high T..
Unfortunately, the hydride compounds mentioned above are dyna-
mically stable only under extremely high pressures (typically exceeding
100 GPa), severely limiting their practical applicability. In this regard, recent
research efforts have focused on discovering high-T'. hydrides that can be
stable under ambient pressure'*". Particularly, refs. 15,16. predicted that a
class of materials, Mg,XH¢ with X = Rh, Ir, Pd, or Pt, could exhibit T,

reaching 100 K at ambient pressure. From a practical perspective, however,
these exciting results are undermined by the fact that Rh, Ir, Pd, and Pt are all
noble metals with prices comparable to, or even higher than, that of gold.
Clearly, it is a grand challenge to identify superconductors suitable for
practical applications, namely those with (i) low-cost, (ii) stability at ambient
pressure, and (iii) high-T', above liquid nitrogen temperature or even room
temperature. Actually, despite the vastness of the known materials database,
which contains millions of entries'”", it is uncertain whether such materials
really exist within it. Notably, most previous studies have focused on
intrinsically metallic materials, which limits the pool of candidates in
materials genome searches. However, semiconductors and even insulators
can have metallic behavior and exhibit superconductivity under certain
conditions, such as carrier doping. Two prominent examples are the pro-
totypical unconventional superconductor YBa,Cu30;_s (YBCO), which is
a Mott insulator in its undoped state (8 ~ 1)"'’; and boron-doped diamond,
which becomes superconducting (T, ~ 4K) with sufficient boron
dopants™. These findings motivate us to explore the potential of non-
metallic materials as superconductors. Indeed, multi-component hydrides
can exist as stoichiometric compounds, and it is also easy to partially
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substitute”” elements, changing the thermodynamic properties while

keeping the crystal structure.

In this work, we use ternary or quaternary transition-metal hydrides™
as an example to demonstrate the potential of electronically modified
semiconductor/insulators as high-T'. superconductors at ambient pressure.
Instead of using brute-force high-throughput calculations, we adopt a
rational materials design approach. We begin with non-metallic transition-
metal hydrides as identified in ref. 23 and focus on compounds that exhibit
van Hove singularities in the average projected electronic density of states
(DOS) near the valence band maximum (VBM) or conduction band
minimum (CBM). As we will show later, the average projected electron
DOS, which is defined as the geometric average of the total DOS and the
hydrogen-projected DOS, shows a strong correlation with T'.. We argue that
it can serve as an easy-to-compute indicator of potentially high super-
conducting critical temperatures. Carrier doping is then introduced through
atomic substitution, insertion, or removal. The dynamic stability of the
doped structures is assessed via their phonon band structures. For dyna-
mically stable systems, we proceed to calculate their T'.. Our search is
restricted to candidates with fewer than ~20 atoms per unit cell, which are
tractable for ab initio T, calculations. Using this approach, we identify
Mg,FeHg as a promising platform for high-T', superconductivity at ambient
pressure under carrier doping. Note that Mg,FeHs has been synthesized
before** by reactive mechanical alloying in a hydrogen atmosphere, and by
high-temperature solid-state reaction. In particular, we find that the
electron-doped variant, MgAlFeH, exhibits a predicted T'. of up to 130 K.
Additionally, we highlight the critical interplay between high T. and
dynamic stability, both of which can arise from a high electron DOS near the
Fermi level. Our methodology, which emphasizes carrier doping in non-
metallic systems, is not limited to transition-metal hydrides like Mg,FeHsg. It
can be broadly applied to expand the superconducting materials search
space and potentially accelerate the discovery of compounds suitable for
practical applications.

In the following, we first present the atomic structures, phonon spectra,
and electronic properties of Mg,FeHg and its electron- and hole-doped
variants, MgAlFeHs and MgNaFeH,. We find that MgAlFeH; is dynami-
cally stable and thermodynamically metastable with an energy above hull of
around 0.11 eV per atom. In contrast, MgNaFeHg is dynamically unstable.
We attribute this behavior to the exceptionally high electron DOS near the
Fermi level in the latter. We then analyze the electron-phonon coupling and
superconducting properties of MgAlFeHg, highlighting a predicted T, of
~130 K. Finally, we explore the effect of charge doping on superconductivity
in Mg,FeH; in a more general context, demonstrating that T up to 100 K
can also be achieved. We also underscore a strong correlation between T,
and the average projected electron DOS in doped Mg,FeHs.

Results
Phonon structures and stability of MgAIFeHg
Pristine Mg,FeHg is a non-magnetic band insulator with a bandgap of
around 2 eV, according to our density functional theory (DFT) calculations.
It thus cannot be a superconductor in its intrinsic state. Nevertheless, the
electron DOS of Mg,FeHs features two van Hove peaks near VBM and
CBM. This property, together with the high-frequency phonons resulting
from H atoms, suggests the potential of high T, in Mg,FeHg, provided that
the electron Fermi level can be shifted into either the valence or the con-
duction bands. While this can be achieved by multiple strategies, such as
removing or adding H atoms, we will focus on the effect of substituting Mg
with Al (electron doping) or Na (hole doping) in this work. For now, we will
explore the properties of MgAlFeH (MgNaFeHs) with an ordered lattice
structure, that is, one of the two Mg atoms in the primitive cell is replaced by
Al (Na). This is to keep the unit cell small (9 atoms), so that ab initio
calculations on T, can be tractable. Later, we will discuss how the electric
properties of doped Mg,FeH, depend on the carrier concentration under
more general settings.

We begin by analyzing the atomic structure and dynamic stability of
the Al/Na-substituted systems. Pristine Mg,FeHg has a cubic structure with

space group Fm3m (no. 225), which is reduced to F43m (no. 216) after one
of the two Mg atoms is replaced by Al or Na (inset of Fig. 1a). Our DFT
calculations indicate that MgAlFeH, tends to retain such a high symmetry
structure, even if small perturbations are added to the initial structure before
DFT relaxations. The lattice constant of MgAlFeHy is around 6.24 A. Mg,
Al, and Fe atoms occupy the 4d (0.75, 0.75, 0.75), 4¢(0.25, 0.25, 0.25),
and 4b (0.5, 0.5, 0.5) positions, respectively, while H atoms occupy the
24f (0.24, 0, 0) Wyckoff positions. The phonon dispersions and projected
phonon DOS of Mg,FeHs and MgAlFeH; are plotted in Fig. 1a, b, showing
similar characteristics. No imaginary frequencies are found over the whole
Brillouin zone, indicating their dynamic stability. The low-frequency
branches (510 THz) are mostly contributed by the metal atoms, while the
high-frequency branches (10 ~ 60 THz) are dominated by H atoms. The
phonons of MgAlFeH, are slightly softened compared to Mg,FeHs.
Moreover, the dynamical stability of MgAlFeHj is also verified by anhar-
monic phonon calculations using the stochastic self-consistent harmonic
approximation (SSCHA)”"™, as well as molecular dynamics simulations at
300 K [Supplementary Figs. S3, S4]. In contrast, MgNaAlHg turns out to be
dynamically unstable, as its phonon dispersion exhibits imaginary fre-
quencies over almost the entire Brillouin zone (Fig. 1¢c). We will return to
this point later.

Thermodynamically, MgAlFeHj is a meta-stable state. The formation
energy of the reaction Mg+ Al + Fe 4+ 3H, — MgAlFeH is around
-0.10 eV per atom. This should be compared with the formation energy of
Mg,FeHg (i.e, 2Mg + Fe + 3H, — Mg, FeHy), which is around -0.06 eV
per atom. In this sense, the formation of MgAlFeH; should be feasible.
However, there exists a competing reaction path when Mg, Al, Fe, and H,
are mixed, namely 6Mg + 6Al 4 6Fe + 17H, — 5AlH; + 3Mg,FeH+
AlFe;H, whose formation energy is around -0.21 eV per atom. In other
words, MgAlFeHs is only metastable, as it has a decomposition pathway
6MgAlFeH, — 5AIH; + 3Mg,FeH, 4 AlFe;H + H,. The correspond-
ing decomposition energy is around 0.11eV per atom. Nevertheless,
MgAlFeHq may still be synthesizable. While an energy above the convex hull
of around 0.1 eV per atom is often used as a practical criterion for “syn-
thesizable” compounds, many materials with substantially higher energies
above the hull have been successfully realized”’. A notable example is the
promising superconductor PdH3, with an energy above the convex hull of
~0.144 eV per atom (at 30 GPa). PdH; has recently been synthesized™.
Another well-known example is diamond, whose energy is around 0.13 eV
per atom above that of graphite. Furthermore, as indicated by our molecular
dynamics and anharmonic phonon simulations (Supplementary Figs. S3,
$4), MgAlFeHy is dynamically stable even at 300 K. Therefore, the as-
synthesized MgAlFeHj is unlikely to undergo a solid-state phase transition
or decompose easily, which requires the separation of Al and Fe. Hence, the
primary experimental challenge may lie in the synthesis of MgAlFeHj itself.
Increasing the H, pressure can favor this pathway by suppressing the
competing reactions. More generally, high-pressure synthesis may be
advantageous, as exemplified by diamond and many other hydrogen-rich
superconductors. Meanwhile, as we will elaborate later, an ordered lattice of
MgAlFeHj is not required for our purpose; in principle, the introduction of
Al atoms serves only to provide free carriers in the system. This con-
sideration offers some flexibility in the synthesis of the compound. For
example, Al ion implantation might be employed to substitute Mg atoms in
Mg,FeHs.

Electronic structure and van Hove singularities in MgAlFeH6
The electronic structures of MgAlFeHy and MgNaFeHj are plotted in Fig.
1d, e, respectively. In contrast to Mg,FeHy, which has a bandgap of around
2 eV, the Fermi level of MgAlFeHg lies in the conduction band and is very
close to the van Hove peak in the total electron DOS. Furthermore, the
projected electron DOS indicates that H atoms have significant contribu-
tions to the total DOS, and the Fermi level is also close to the peak of the
H-projected DOS. This suggests that when H atoms are displaced upon
phonon excitation, the electronic structure may be significantly altered,
potentially leading to strong electron-phonon coupling and high T.
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Fig. 1 | Electronic and phonon structures of Mg,FeHs, MgAlFeHs, and
MgNaFeHg. Phonon structure of a Mg,FeHg, b MgAlFeHs, and ¢ MgNaFeHg. The
phonon dispersion on high-symmetry lines in the Brillouin zone is plotted on the
left-hand side, while the projected phonon DOS is plotted on the right-hand side.
Mg,FeHg and MgAlFeH exhibit dynamic stability, while MgNaFeHj is dynamically
unstable with imaginary frequency phonons spanning almost the entire Brillouin
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zone. d-f, same as (a—c), but for electronic structures. The energy is offset to the
electron Fermilevel for each compound. The phonon (electron) DOS has the units of
states per THz (eV) per formula unit. Inset of (a): Atomic structure MgAlFeH; with
an ordered lattice. Brown: Fe; orange: Mg; cyan: Al; pink: H. In pristine Mg,FeHs,
both Mg and Al sites are occupied by Mg atoms.

On the other hand, the Fermi level of MgNaFeH; lies in the valence
band and is close to an even more pronounced van Hove peak (Fig. 1f), as
the conduction bands are rather flat. Such an extremely high electron DOS
at the Fermi level may be the reason why MgNaFeHy is dynamically
unstable - the sharp and pronounced van Hove peak makes the electronic
structure highly sensitive to atomic displacements™. This may enhance
electron-phonon interactions, which could favor a high T.. However, the
same mechanism also implies structural instability, as small perturbations

may lead to drastic changes in the electronic properties, potentially desta-
bilizing the system. This is indeed observed in the phonon band structure of
MgNaFeHg, as we discussed before. This highlights the critical tradeoff
between high T. and dynamic stability in designing conventional (and
potentially even unconventional) superconductors - both properties
depend on the electron DOS near the Fermi level. While a high electron
DOS enhances superconducting pairing, it may also destabilize the lattice,
presenting a key challenge in materials optimization.
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Fig. 2 | Electron-phonon coupling and super- a 55
conductivity of MgAlFeHs. a Eliashberg spectral —’F(w)
function a? F(w) and accumulated electron-phonon o 2 —AW)
coupling A(w). The EPC constant is %
Mw — 00) & 2.1. The effective Colomb potential is % 1.5
set to y. = 0.1 for this plot. b Histograms of the 3
distribution of the anisotropic superconducting gap 8 1
A, as a function of energy, which are obtained by A
Iving the anisotropic Eliashb ion at dif- M o5
solving the anisotropic Eliashberg equation at di
ferent temperatures T. Three different y, =
0.1, 0.125, and 0.15 are used. The solid lines fit the 0 10 20 30 40 50 40 60 80 100 120 140

average of A, at each temperature, which are then
extrapolated to yield the superconducting transition
temperature T..

Energy w (THz)

Temperature (K)

Superconductivity in MgAIFeH6

Next, we demonstrate the electron-phonon and superconducting properties
in MgAlFeHg. The Eliashberg spectral function a? F(w) and the cumulative
electron-phonon coupling (EPC) parameter Mw) =2 f (‘; @ dw are
plotted in Fig. 2a. The EPC constant A = A(00) is as large as 2.1, comparable
to that of HsS at 200 GPa®”. To obtain the superconducting transition
temperature T, we solve the anisotropic Eliashberg equations on the
imaginary-axis and then continue to the real-axis by Padé
approximation’”. The histograms of the distribution of the anisotropic
superconducting gap A ;. is plotted in Fig. 2b as a function of temperature T
The effective Coulomb potential y_ in this calculation is an empirical
parameter, which represents the repulsive electron-electron interaction. We
used several different 4. = 0.1, 0.125,and 0.15, which are typical values for
conventional superconductors. By extrapolating the A,,(T) curves to
A (T,) = 0, we obtain T, =~ 130 K.

The above discussions assumed an ordered lattice of MgAlFeH;. In
practice, depending on the synthesis approach, Mg and Al atoms may ran-
domly occupy the original sites of Mg atoms in pristine Mg,FeHs. To account
for this effect, we constructed a supercell Mgs,Al3,Fes,H, o, with 288 atoms in
total. Here, 32 Mg and 32 Al atoms are randomly placed, representing a
random alloy. The electronic and phonon properties of this supercell are
shown in Fig. 3. This structure is dynamically stable with no imaginary
frequency phonons (Supplementary Fig. S1). Compared with ordered
MgAlFeHg, the electron and phonon DOS are smeared out due to inho-
mogeneity. Nevertheless, some characteristic features that prelude high T
remain, including high total and H-projected electron DOS, as well as the
high frequency of phonon vibrations. Hence, a relatively high T, could be
expected, though a precise calculation of T, of this supercell is not possible
due to the formidable computational cost. Nevertheless, we can use the
average projected electron DOS, which we will elaborate on below, as an
indicator of T. The T, of the random alloy is estimated to be around 40 K.
This is significantly lower than the of the ordered lattice (above 100 K), as the
van Hove singularity in electron DOS is broadened in the random alloy. It is
also worth noting that according to P. W. Anderson™, superconductivity in a
conventional superconductor is robust with respect to non-magnetic disorder
in the host material, provided the disorder is not too strong - for example,
near a superconductor-insulator transition. Indeed, highly disordered
structures, including Ta-Nb-Hf-Zr-Ti high-entropy alloy, can exhibit T’ of
up to 10 K™*. It is thus highly interesting to experimentally explore the
potential of a random-alloy phase of MgAlFeHj for achieving a higher T'.

As previously mentioned, substituting Mg with Al is just one of several
possible strategies for inducing superconductivity in Mg,FeHs. Particularly,
MgAlFeH; is an alloy of the parent compound Mg,FeH; with high carrier
concentration, but the core concept can be seen at lower carrier con-
centrations, down towards the regime of doping. In principle, any method
that introduces free carriers could be effective. To explore these strategies in
a more general way, we directly vary the total number of electrons in
Mg,FeH; within our DFT calculations. Reducing (increasing) the electron
number is equivalent to hole (electron) doping. Note that varying the total
number of electrons leads to a divergent Coulomb energy, which can be

36,

compensated by adding a uniform background charge of opposite sign in
DFT calculations. We adopt this approach to calculate the superconducting
critical temperature T', of charge-doped Mg,FeHs as a function of doping
concentration #n, where positive and negative values of # (in units of elec-
trons per formula unit, e/f.u., equivalent to 1.6 x 10”cm =2 in the case of
Mg,FeHg) correspond to hole and electron doping, respectively. When
n<+0.1 e/f.u., the predicted T is negligibly small in calculations. This
behavior is reminiscent of experimental observations in boron-doped dia-
mond, where the system remains semiconducting below a similar doping
threshold”. For n>+0.1 e/f.u., T. becomes appreciable and generally
increases with doping concentration. Atn ~ +1e/f.u., which is equivalent
to the carrier concentrations in MgAlFeHs and MgNaFeHs, T reaches
~100 K, in agreement with the directly calculated T, for MgAlFeHs. These
results support the idea that carrier doping in semiconductors is a viable
route to achieving high-T . superconductivity under ambient conditions.
Note that while T, tends to continue increasing with hole doping con-
centration n> + 1 e/f.u., the structure becomes dynamically unstable in
this regime, as suggested by the appearance of imaginary-frequency phonon
modes in the phonon dispersion (Supplementary Fig. S2). This again
highlights the critical tradeoff between high T', and dynamic stability, both
of which depend on the electron DOS. When the electron doping con-
centration is higher than around —1.2 ¢/f.u., T, starts to decrease as the
Fermi level is moving away from the van Hove peak in the electron DOS.
Note that we model pure carrier doping primarily to demonstrate that high-
T, in doped Mg,FeHg is a relatively generic effect, which is independent of
the specific method used to introduce carriers. Achieving pure carrier
doping at high concentrations (0.1 ~ 1 e/f.u.), however, may be nontrivial
in practice and may only be feasible in, for example, thin-film structures.

Relationship between T and average projected electron DOS
Here, a critical observation is that the predicted T, shows a strong cor-
relation with the average projected electron DOS at the Fermi level,
defined as D = /D, Dy where D, and Dy are the total and
H-projected electron DOS at the Fermi level, respectively. T, and D have
almost the same trend as a function of doping concentration (Fig. 4c). This
phenomenological correlation can be understood by noting that D,
reflects the number of electrons available for superconducting pairing,
while Dy is closely related to the strength of electron-phonon coupling,
which is primarily mediated by H atoms in hydrides. It is worth noting
that correlation between T, and D is significantly better than that between
T, and D, or Dy individually (Fig. 4a, b).

Compared with phonon and electron-phonon coupling properties,
D, and Dy are purely electronic quantities that can be efficiently com-
puted from ab initio calculations with relatively low computational cost. As
such, D may serve as a convenient and practical descriptor for guiding the
search for high-T, superconductivity in both metallic and doped non-
metallic hydrides — one can simply look for systems where D is maximized at
the Fermi level, typically near a van Hove singularity. For compounds
lacking hydrogen, D can be generalized as D = /D,,,;Dx> where X refers
to other light atoms, such as boron.
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Fig. 3 | Phonon and electronic properties of
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concentration in Mg,FeHg. Filled black circles represent values obtained by solving
the anisotropic Eliashberg equations, while open black circles are deduced from the
Allen-Dynes equation. The dashed black curve serves as a guide to the eye. Right

Doping Concentration (e/f.u.)

0
0 0.5 1 -1.5 -1

-0.5 0
Doping Concentration (e/f.u.)

0.5 1

y-axis: various types of electron DOS, including a Dy, b Dy and ¢ D = /D,y Dy
The correlation between T, and D is significantly better than that between T, and
Dyt 0F Dyy. The electron density of states is in the unit of states per eV per for-
mula unit.

Discussion

From an experimental perspective, electron- and hole-doping may be
achieved electrically, electrochemically, or chemically. Electrical doping, or
charge doping, can be achieved by applying an electric field or by creating a
heterojunction, in which a local space charge is induced. Such controllable
and localized (nearly 2D) superconductivity may be of interest for
numerous applications in information processing or sensing. The 3D sub-
strate may also provide a mechanical constraint to prevent phase trans-
formation that may otherwise happen. To carry a lot of current, however,
requires 3D superconductors, and this may be achieved by electrochemical
hydrogenation*, chemical hydrogenation, chemical alloying, or chemical
substitution, where electroneutrality is satisfied in the bulk. Generally
speaking, electron (hole) doping corresponds to decreasing (increasing) the
electrochemical voltage U or going to more “reducing” (“oxidative”) local
chemical conditions, by e.g., increasing (decreasing) the hydrogen partial
pressure Py, as the typical Brouwer diagram of semiconducting oxide
shows. We note that while MgAlFeHs, MgNaFeHs, etc. appear to have
unusual valences, such exotic-valence compounds do exist in nature.
Examples include high-voltage cathode oxide particles inside lithium-ion
batteries”” or zirconium suboxide in metallic zirconium oxidation®.
Achieving these compounds by creating very reducing or oxidative local
conditions - either thermodynamically or kinetically**® — may still be
experimentally more feasible than applying the hundreds of GPa
mechanical pressure required for many high-T . hydrides like H;S.

In summary, we demonstrate that Mg,FeHs, an intrinsic semi-
conductor, can be transformed into an ambient-pressure superconductor
with T, above 100 K through electronic modification, such as carrier dop-
ing. Unlike most previous studies that have focused on intrinsically metallic
compounds, our work highlights the potential of non-metallic systems as
promising platforms for high-temperature superconductivity upon elec-
tronic modification, thereby broadening the pool of candidate materials.

Furthermore, we identify the average projected electron density of states as
an easy-to-compute genome that can accelerate the discovery of high-T,
superconductors. Future work applying these methodologies may lead to
the discovery of additional superconductors suitable for practical
applications.

Methods

Ab initio calculations

The first-principles calculations in this work are based on density functional
theory (DFT)**" using the Quantum Espresso package**"”. The PBEsol™*”"
exchange-correlation functional is adopted. Core and valence electrons are
treated with the projected augmented wave (PAW) method™ and plane
wave basis, respectively. The atomic structures, as well as the lattice con-
stants, are relaxed until the forces on each other are smaller than 1073 eV /A.
We used 17 x 17 x 17 k-mesh in the relaxation step. The kinetic energy
cutoffis set to 60 Ry. Electronic Hamiltonians in the Wannier basis are then
built from plane-wave DFT results, using the Wannier90 package™. The
s-orbital of H, d-orbital of Fe, and p-orbital of Mg and Al are used in the
Wannierization process. The electron-phonon coupling and super-
conductivity properties are calculated with the help of the EPW package™”".
To compute the superconducting transition temperature, 5X 5 x 5 coarse
(before Wannier interpolation) and 25x25x25 fine (after Wannier
interpolation) meshes are used to sample the first Brillouin zone of both
electrons and phonons. The anharmonic phonon calculations using the
stochastic self-consistent harmonic approximation (SSCHA) are performed
using the SSCHA package®”*. For SSCHA calculations, we used a 3 x 3 x 3
super cell with 243 atoms in total. The supercell is greater than 10 A along
each dimension. We used auxiliary phonon calculations, and 50 structural
configurations were used to converge the phonons. The molecular dynamics
simulations are performed using a Langevin thermostat with a timestep
of 1fs.
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Data availability

The datasets generated and/or analyzed during the current study are not
publicly available, as the primary data supporting the findings are contained
within the main text and the supplementary information files. Further
detailed data is available from the corresponding author on reasonable
request.
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Figure S1. (a) Phonon dispersion and (b) phonon density of states of the random alloy
Mg AloFesoHig2, in the unit of states per THz per formula unit. In (a), the y-axis is truncated at
20 THz to increase visibility at low frequencies. The inset of (b) is the atomic structure of the

Mgs2AlszFesaHig supercell used in the calculation.
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Figure S2. Phonon dispersion of MgAlFeHs with (a) n = +0.9 e/f.u. and (b) n = +1 e/f. u. hole
doping concentration. Imaginary frequency phonons appear, and the structures become

dynamically unstable when the hole doping concentration isn = +1 e/f. u.
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Figure S3. 4b initio molecular dynamics simulations for a MgAlFeHs supercell containing 288
atoms, using an NPT ensemble at 300 K and zero pressure. (a) Temperature, (b) kinetic energy
and the increase in potential energy, and (c) pressure and volume are plotted as functions of time.
A moving average over 50 fs was applied to reduce high-frequency oscillations. The initial
structure is the fully relaxed zero-pressure, 0 K configuration, which has a relatively small volume.

Upon heating to 300 K, the volume increases to approximately 7 A3 per atom.
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Figure S4. Phonon dispersions of MgAlFeHs, including anharmonic effects, calculated using the
stochastic self-consistent harmonic approximation (SSCHA) at (a) 150 K and (b) 300 K. The black
dashed curves show the harmonic phonon dispersions (without anharmonicity), while the solid red
curves represent the anharmonic results. The list of high-symmetry points in the Brillouin zone are

listed below.

High Symmetry point | Direct Coordinate
r (0,0,0)
X (0.5,0,0.5)
U (0.625,0.25,0.625)
K (0.375,0.375,0.75)
L (0.5,0.5,0.5)
w (0.5,0.25,0.75)
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