
PHYSICAL REVIEW B 109, 054512 (2024)

Prediction of pressure-induced superconductivity in the ternary
systems YScH2n (n = 3–6)

Lan-Ting Shi,1,2,* Jian-Guo Si ,1,2,* Robin Turnbull ,3 Akun Liang ,4 Peng-Fei Liu ,1,2 and Bao-Tian Wang 1,2,5,†

1Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
2Spallation Neutron Source Science Center, Dongguan 523803, China

3Departamento de Fłsica Aplicada-ICMUV-MALTA Consolider Team, Universitat de Valncia,
c/Dr. Moliner 50, Burjassot (Valencia) 46100, Spain

4Center for Science at Extreme Conditions, University of Edinburgh, Edinburgh EH9 3FD, United Kingdom
5Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi 030006, China

(Received 23 August 2023; revised 7 January 2024; accepted 2 February 2024; published 16 February 2024)

Hydrogen-rich ternary compounds are promising candidates for realizing room-temperature superconductivity
due to the synergistic effects of crystal structure and electronic properties under high-pressure conditions.
Here, the high-pressure structures, electronic properties, and superconductivity of the ternary YScH2n (n = 3–6)
system are investigated by using the prediction method of particle swarm optimization structure combined
with first-principles calculations. We find four stable structures, each with different hydrogen sublattices:
Pm3̄-YScH6, P4/mmm-YScH8, Cmmm-YScH10, and Pm3̄m-YScH12. All these YScH2n structures are predicted
to be high-temperature superconductors. The electron local function (ELF) results indicate a lack of interaction
between hydrogen atoms in YScH6, while the weak H-H covalent interactions are observed in the other
stoichiometric ratios. Strikingly, YScH6 maintains dynamic stability down to ambient pressure and keeps a high
superconducting critical temperature (Tc) of 66 K. At 140 GPa, the pressure-stabilized YScH8 and YScH10

structures exhibit high Tc of 110 and 116 K, respectively. Upon further increasing the content of hydrogen, the
lowest dynamically stable pressure of YScH12 is increased to 200 GPa, and the calculated Tc is up to 179 K. In all
YScH2n structures, Pm3̄-YScH6 (stabled from 1 atm to 47 GPa), P4/mmm-YScH8 and Cmmm-YScH10 (stabled
from 140 to 250 GPa), Pm3̄m-YScH12 (stabled from 200 to 286 GPa), strong electron-phonon coupling (EPC)
and large electronic density of states of hydrogen at the Fermi level play important roles in their high-temperature
superconductivity. It is discussed that phonon softening in the midfrequency region induced mainly by Fermi
surface nesting effectively enhances the EPC. In this paper, we potentially discover high-temperature supercon-
ducting hydrides that can be stable at atmospheric pressure, taking an important step toward understanding the
superconductivity and structural stability of ternary hydrides.

DOI: 10.1103/PhysRevB.109.054512

I. INTRODUCTION

Achieving room-temperature superconductivity has been
one of the principal goals of condensed matter physics for
a long time [1,2]. Within the framework of Bardeen-Cooper-
Schrieffer (BCS) theory, metallic hydrogen has famously been
predicted to be a good candidate to achieve superconductivity
at room temperature [3–6]. However, experimental metalliza-
tion of hydrogen remains extremely challenging, requiring
very high pressure on a highly compressible sample which is
difficult to obtain and maintain. Therefore, despite many inde-
pendent investigations, the behavior of hydrogen >400 GPa
remains disputed [6–10].

Alternatively, it has been suggested by Ashcroft [11] that
hydrogen-rich compounds may exhibit similar characteristics
to pure hydrogen at lower pressures due to chemical pre-
compression. Extensive studies have shown that compressed

*These authors contributed equally to this work.
†Corresponding author: wangbt@ihep.ac.cn

hydrogen-rich compounds are potential high-temperature and
allegedly room-temperature superconductors, in which the
large electronic density of states (DOS) driven by hydro-
gen and strong electron-phonon coupling (EPC) dominate
the superconductivity. Currently, almost all binary hydrides
have been extensively studied in theory, and a considerable
number have been experimentally confirmed. For example,
covalent hydride H3S [12–15] and clathrate hydrides CaH6

[16–18], YH6 [19–22], and LaH10 [22–25] have been syn-
thesized >150 GPa and exhibit superconducting transition
temperatures (Tc) >200 K. These successful theoretical and
experimental research results on binary hydrides have further
promoted the development of hydrides under high pressure,
with focus now turning to the exploration of ternary and
quaternary hydrides.

Recently, the near-ambient superconductivity in a N-doped
lutetium hydride has been reported in experiments [26], trig-
gering heated debate. Nonetheless, Ref. [26] strongly proves
that ternary hydrides are a series of promising materials for
realizing room-temperature superconductivity. In fact, over
recent years, the research results on ternary hydrides are
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incrementally increasing the record value of Tc. Ternary hy-
drides constructed by adding light elements to binary hydrides
are a commonly followed synthesis route to achieve a higher
superconductivity transition temperature or lower stability
pressure. For example, the lithium-doped magnesium hydride
MgH16 forms a ternary compound Li2MgH16 with a remark-
ably high estimated Tc of 473 K at 250 GPa [27]. Additionally,
Sun et al. [28] predicted three high-temperature superconduc-
tors in stable ternary lithium-doped rare-earth superhydides
[28]. In addition, some metal atoms with similar atomic radii
and electronegativity can share the hydrogen sublattice, form-
ing alloy hydrides in the form of solid solutions, which exhibit
good stability and superconductivity, such as ternary clathrate
hydrides YCaH12 [29–31], ScCaH12 [32], YLuH12 [33], and
Y-Zr-H [34]. In addition, a series of La-Y-H compounds
have been successfully synthesized by experiment [35]. These
important discoveries in ternary hydrides greatly encourage
our further exploration, especially ternary hydrides containing
rare-earth elements.

Wei et al. [36] focused on exploring the structures and
high-pressure phase diagrams of Y-Sc-H ternary compounds
with various ScYHx (x = 1–4, 6, 8) compositions. The re-
sults indicate that Pm3̄-YScH6 is dynamically stable under
pressure as low as 0.01 GPa. In addition, Sukmes et al. [37]
theoretically reported the stable structure of symmetrically
Sc/Y-substituted hexahydride Sc0.5Y0.5H6, and the results
indicate that this system is a potential high-temperature su-
perconductor under high pressure. However, we believe that
the Y-Sc-H system should be able to form more ternary hy-
drides with higher hydrogen content or under mild pressures
due to the abundant binary hydrides of Sc-H [38,39] and
Y-H [19–22] predicted. Previous studies [40] have shown
that hydrides with high symmetry have more potential to be
superconductors with high Tc. Therefore, in this paper, we
further systematically calculate the structures and properties
of the Y-Sc-H system under different pressures, with a focus
on high content of hydrogen. In ternary hydrides YScH2n (n
= 3–6), we found four dynamically stable superconducting
structures. One of the structures, Pm3̄-YScH6, maintains dy-
namic stability down to ambient pressure and still exhibits
superconductivity, which encourages experimental synthesis
in the future. The other three structures, P4/mmm-YScH8,
Cmmm-YScH10, and Pm3̄m-YScH12, are clathrate hydrides
with predicted Tc values up to 110, 116, and 179 K at high
pressures, respectively. Significantly, the Tc of YScH6 reaches
66 K at 1 atm, and further calculation results show that the
Fermi surface nesting effectively enhances the EPC. Such a
high value of Tc at ambient pressure in metal hydrides is very
rare, which provides guidance for future theoretical and exper-
imental work to search for high-temperature superconductors.

II. COMPUTATIONAL DETAILS

In this paper, the stable YScH2n (n = 3–6) compounds
were predicted by the particle swarm optimization algo-
rithm CALYPSO [41,42]. We performed 1–4 formula units
for YScH2n (n = 3, 4) and 1–2 formula units for YScH2n

(n = 5, 6) in the pressure range of 0–400 GPa. Structural
relaxations, electronic properties, and total energies were de-
termined in the framework of density functional theory with

Perdew-Burke-Ernzerhof parameterization of the general-
ized gradient approximation as implemented in VASP [43].
Ion-electron interactions were described using the projector
augmented-wave method [44], with 1s, 3p4s3d, and 4s4p5s4d
as valence electrons for H, Sc, and Y, respectively. A plane-
wave energy cutoff of 1000 eV was used. Monkhorst-Pack
meshes for Brillouin zone sampling with resolutions of
7×7×7 were employed for thermodynamic calculations and
electronic property determination.

Phonon dispersion calculations were performed using the
supercell method with PHONOPY [45] and density functional
perturbation theory (DFPT) in the QUANTUM ESPRESSO (QE)
package [46]. Further EPC calculations were carried out using
DFPT as implemented in the QE package [46], where the ul-
trasoft pseudopotentials for Y, Sc, and H with a kinetic energy
cutoff of 60 Ry were employed. The 5×5×5 q-point meshes
in the first Brillouin zone were used in the EPC calculation for
YScH2n (n = 3–6). Correspondingly, Monkhorst-Pack grids
of 20×20×20 were used to ensure k-points sampling conver-
gence with Gaussian width of 0.05 Ry. The superconducting
critical temperature Tc was estimated via the Allen-Dynes-
modified McMillan formula [47] with correction as follows:

Tc = f1 f2ωlog

1.2
exp

[
− 1.04(1 + λ)

λ − μ∗ − 0.62λμ∗

]
, (1)

where the μ∗ is the effective Coulomb repulsion, f1 and f2 are
the strong coupling and shape correction factors, respectively,
f1 and f2 are defined as

f1 = 3

√
1 +

[
λ

2.46(1 + 3.8μ∗)

]3/2

, (2)

f2 = 1 +
(

ω̄2
ωlog

− 1
)
λ2

λ2 + [
1.82(1 + 6.3μ∗)

(
ω̄2
ωlog

)]2 , (3)

where ω̄2 is the second moment of the normalized weight
function, defined as

ω̄2 =
√

2

λ

∫ ω

α2F (ω)dω. (4)

The EPC parameter λ and the logarithmic average fre-
quency ωlog are calculated as follows:

λ(ω) = 2
∫

α2F (ω)

ω
dω. (5)

ωlog = exp

[
2

λ

∫
dω

ω
α2F (ω) ln ω

]
. (6)

Here, the Eliashberg spectral function α2F (ω) is calculated
according to the following formula:

α2F (ω) = 1

2πN (EF )

∑
qv

δ(ω − ωqv)
γqv

h̄ωqv

, (7)

where ωqv are phonon frequencies, and γqv is the phonon
linewidth as described by

γqv = 2πωqv

∑
i j

∫
d3k

�BZ
|gqv (k, i, j)|2

×δ(εq,i − εF )δ(εk+q, j − εF ). (8)
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FIG. 1. Ternary phase diagram of the YScH2n (n = 3–6) system.
The blue dots denote element or binary hydrides, and red dots denote
ternary hydrides studied in this paper. The inserted structures are the
stable unit cells of Pm3̄-YScH6, P4/mmm-YScH8, Cmmm-YScH10,
and Pm3̄m-YScH12.

Here, gqv (k, i, j) is the matrix of the EPC, and εq,i is the
electronic energy.

III. RESULTS AND DISCUSSION

We perform the random structure searches for the ternary
YScH2n (n = 3–6) systems at 200 GPa using the CALYPSO

code [41,42]. Four ground-state structures with different hy-
drogen cage configurations are obtained, as shown in Fig. 1.
For the vertices of this triangle, we use P6222 for Y [48],
Fm3̄m for Sc [49], and C2/c for H2 [50]. On the edges
of the triangle, the reported high-pressure yttrium hydrides
(YH, YH2, YH3, YH4, YH6, and YH9) and scandium hy-
drides (ScH, ScH3, ScH4, and ScH6) are shown. No stable
Y-Sc alloys have been reported. The stable ternary struc-
tures, Pm3̄-YScH6, P4/mmm-YScH8, Cmmm-YScH10, and
Pm3̄m-YScH12, are inside the triangular phase diagram. The
gray dotted line inside the triangle illustrates the theoretical
possible synthesis path of those ternary systems. Moreover,
the structural parameters at different pressures of these sys-
tems are listed in Table S1 in the Supplemental Material [51],
which can be used in further experimental and theoretical
works. The volumes and lattice parameters of these four struc-
tures as functions of pressure are shown in Figs. S1 and S2
in the Supplemental Material [51], respectively. Clearly, their
volumes and lattice parameters gradually decrease with the
increase of pressure.

To further ascertain the thermodynamic stability of the
YScH2n (n = 3–6) system, we calculated the relative enthalpy
of all possible decomposition products, as shown in Figs. S3–
S6 in the Supplemental Material [51]. In our calculations,
we use P6222 for Y [48], Fm3̄m for Sc [48], P63/m and
C2/c for H2 [50], Pnma for YH2, Pnma for YH3, I4/mmm
for YH4, Im3̄m for YH6, P63/mmc for YH9, Fm3̄m for
YH10 [22], Fm3̄m for ScH, Fm3̄m for ScH3, I4/mmm For
ScH4, and Cmcm for ScH6 [38,39]. As shown in Figs. S3–S6
in the Supplemental Material [51], after the pressure

increasing to 47 GPa, YScH6 easily decomposes into lower-
energy binary compounds ScH3 and YH3. Nearly all the
decomposition products exhibited positive energies of for-
mation relative to YScH8 and YScH10 at 111–300 GPa and
129–300 GPa, respectively. For YScH12, when the pressure
increased to 286 GPa, it was easily decomposed into ScH6

and YH6. Therefore, the thermodynamically stable pressure
ranges for YScH6, YScH8, YScH10, and YScH12 are 0–
47 GPa, 111–300 GPa, 129–300 GPa, and 195–286 GPa,
respectively.

After obtaining the four above structures, their dynamic
stability ranges were checked via phonon dispersion curves
(see Fig. S7 in the Supplemental Material [51]). The absence
of imaginary frequencies suggests that the structures are dy-
namically stable. Surprisingly, YScH6 is stable at ambient
pressure (i.e., 1 atm) and can be continuously stabilized up
to 100 GPa. It is worth noting that the stable pressure we
predicted is lower than the one calculated by Wei et al. [36].
Compared with their results, the different stable pressure may
be attributed to the fact that we selected higher-precision
calculation parameters. In addition, the Pm3̄-YScH6 structure
belongs to the A15-type hydrides [52]. A previous study has
shown that a similar system (YZrH6) [34] can also be stable at
ambient pressure. Both YScH8 and YScH10 are stable in the
pressure range of 140–250 GPa, while the stability of YScH12

requires a higher pressure of 200 GPa due to its higher hydro-
gen content. After considering thermodynamic and dynamic
stability, YScH6 is stable between 0 and 47 GPa, YScH8 is
stable between 140 and 250 GPa, YScH10 is stable between
140 and 250 GPa, and YScHYScH12 is stable between 195
and 286 GPa. As expected, the higher hydrogen content of
the rare-earth metal ternary hydrides system tends to require
higher stabilizing pressure.

Previous studies have shown that hydrogen cage struc-
tures in hydrogen-rich compounds play an important role in
electron-phonon interaction [16,24,25]. Here, we calculate
the H-H distance in the hydrogen cage configurations as a
function of pressure. As shown in Fig. 2(a), the H-H distance
in YScH6 is >2 Å, which is much larger than the standard
H-H covalent distance in ambient-pressure H2 (0.74 Å). This
clearly indicates the absence of interaction between hydrogen
atoms in YScH6, which is also supported by our electron
localization function (ELF) calculations. The H atoms form
a hydrogen cage with 12 isosceles triangles and eight equilat-
eral triangles, and the bond lengths gradually decrease upon
compression.

The shape of the hydrogen cage in YScH8 is the same as
that in ScCaH8 [32], consisting of four hexagons and eight
rhombuses [see in Fig. 2(b)]. However, it is worth noting that
the sizes of the hydrogen cage surrounding the Y and Sc atoms
are different. The hexagonal side lengths a and c wrap around
the Y atoms, while the side lengths b and d wrap around
the Sc atoms. All H-H distances are <1.6 Å over the stable
pressure range. Interestingly, the bond lengths of both c and
d bonds increase with increasing pressure, which may imply
that the hydrogen cages in YScH8 collapse under sufficient
high compression.

The hydrogen cages in both YScH10 and YScH12 are com-
posed of 24 hydrogen atoms, as shown in Fig. 2, which are
similar in configuration to the hydrogen cages of CaH6 [16]
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FIG. 2. H-H distances as a function of pressure for (a) Pm3̄-YScH6, (b) P4/mmm-YScH8, (c) Cmmm-YScH10, and (d) Pm3̄m-YScH12.
The inset structures show the hydrogen-cage configurations for each of the corresponding structures.

and YH10 [22]. They are both composed of quadrilaterals and
hexagons. However, due to different types of metal atoms
encapsulated, their cage shapes are also different. The differ-
ent symmetry and stoichiometric ratio result in the H cage
in YScH10 being more complex. The H24 cage of YScH10

consists of two types of hexagons (four of each), two rectan-
gles, and four rhombuses. Except for bond a, which increases
upon compression, the rest of the bond lengths decrease with
increasing pressure, and all bond lengths are <1.5 Å in the
studied pressure range. The H24 cage of YScH12 is the same
as the H cage in common ternary alkaline earth metal/rare-
earth metal hydrides, such as ScCaH12 [32] and YCaH12

[29,30]. It consists of six squares (side length a) and eight
hexagons (side lengths a and b). The a and b bonds gradually
decrease with the increase of pressure, and the bond lengths
are all <1.3 Å.

The calculated ELF and Bader charge are used to analyze
the chemical bonding. Their common feature is the low ELF
values between metal and hydrogen atoms, which confirms
the existence of ionic bonds (see Fig. S8 in the Supplemental
Material [51]). There is almost no electron localization
between the nearest H atoms in YScH6, indicating that
hydrogen exists at the atomic state. Bader charge analysis of
YScH6 at 1 atm shows that each Sc and Y atom loses charge
of 1.63 and 1.69 |e|, respectively, and each H atom gains
0.553 |e| charge. The ELF value between the nearest H atoms
in YScH8 is ∼0.82, indicating the formation of H-H covalent

bonds. Bader charge analysis reveals that each Sc and Y atom
loses 1.284 and 1.221 |e|, respectively, at 140 GPa. Moreover,
the ELF value of the nearest H-H bond in YScH10 is ∼0.9,
where each Sc and Y atom transfers electrons 1.18 and 1.48
e to H, respectively, resulting in an H atom gaining 2.66 |e|.
In addition, the ELF value between H atoms in YScH12 is
0.62, where each Sc and Y atom transfers 1.25 electrons to
H atoms.

The calculated electronic band structures and projected
DOS (PDOS) of four YScH2n compounds in their correspond-
ing least stable pressures are shown in Fig. 3. The overlapping
of the valence and conduction bands indicates that they are
metallic, and the contributions of the d electrons of Sc and
Y to the DOS at the Fermi level are significant. For YScH6,
the configuration of its band structure is like YZrH6 [34].
However, due to the downward shift of the Fermi level of
YScH6, the proportion of H in the total DOS at the Fermi level
is higher than that of YZrH6, which implies that YScH6 would
exhibit better superconductivity than YZrH6. As for YScH8,
electron pockets near the Fermi level at around the 
 and R
points enhance the electronic occupation. In addition, there is
an obvious van Hove singularity near the Fermi level at the
m point, which can effectively enhance the superconductivity.
For YScH10, the contribution of hydrogen at the Fermi level
increases significantly and is higher than that of the d elec-
trons of the Y and Sc atoms. The band structure of YScH12

is like those of YCaH12 [29,30] and ScCaH12 [32], and the
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FIG. 3. Calculated electronic band structures and projected density of states (PDOS) for (a) Pm3̄-YScH6 at 1 atm, (b) P4/mmm-YScH8 at
140 GPa, (c) Cmmm-YScH10 at 140 GPa, and (d) Pm3̄m-YScH12 at 200 GPa. The Fermi level is set to zero.

contribution of the H atoms and the d electrons at the Fermi
level is close. Furthermore, multiple Fermi pockets exist at m
and 
 points near the Fermi level, indicating its good super-
conductivity. It is well known that the increase of hydrogen
content is beneficial to drive the high DOS of hydrogen at
the Fermi level, which is also an important prerequisite for
hydrides with high Tc, as more electrons will be involved
in the formation of Cooper pairs. Therefore, the calcula-
tion and analysis of the electronic properties of YScH2n are
helpful for our following understanding of their excellent
superconductivity.

To explore the superconductivity, we further calculate the
phonon dispersion curves, projected phonon DOS (PHDOS),
and Eliashberg spectral functions α2F (ω) with the electron-
phonon integral λ(ω) of the four stable YScH2n and present
the results in Fig. 4. As shown, the phonon modes in the
low-frequency region are mainly associated with the Sc and
Y atoms due to their heavy atomic masses. The lighter H
atoms drive the phonon modes in the mid- and high-frequency
regions. Note that the high peaks of the Eliashberg spec-
tral function α2F (ω) appear in the middle-frequency region,
which are mainly caused by the soft phonon modes. In addi-
tion, the soft modes on the acoustic branch of YScH2n (n =
3–4) have obvious contributions. For YScH6, the projection
of EPC is mainly concentrated on the soft modes around the
m and 
 points, especially in the range of 40–80 meV. The
calculated α2F (ω) and the electron-phonon integral λ(ω) re-
veal that the low-frequency vibrations (0–40 meV) contribute
33% to the total λ, while the mid-high frequency modes of H
atoms contribute 67%. For YScH8, the contribution of the H
atoms is ∼48%, and the phonon modes in the low-frequency
region mainly related to Sc and Y atoms have a significant
contribution to the total λ up to 52%. For YScH10, the pro-

jection of EPC is mainly concentrated at the 
 point, and the
contribution from the mid- and high-frequency region dom-
inated by hydrogen atoms is 58%. The soft mode of optical
branch in YScH12 is located at the 
 point. The H-dominated
DOS at the Fermi level is significant, which also induces
strong EPC, and phonon vibrations of hydrogen contribute
74% to the total EPC.

We evaluate the superconducting critical temperatures by
solving the Allen-Dynes modified McMillan equation [47]
and list the results in Table I. It is worth mentioning that we
used strong coupling correction factors f1 and f2 to correct Tc

values (see in calculation details part), which is conducive to
accurate confirmation of the Tc of hydrogen-rich compounds.
The Coulomb pseudopotential μ∗ is set to 0.1. The total EPC
constant λ and logarithmic average phonon frequency ωlog of
YScH6 at 1 atm are 1.31 and 598 K, respectively, and Tc is

TABLE I. Calculated EPC parameter (λ), logarithmic average
phonon frequency (ωlog), and critical temperature (Tc) for Y-Sc-H
systems at given pressures. A typical value of μ∗ = 0.1 is used in
this paper.

System Pressure (GPa) λ ωlog Tc (K)

YScH6 0.001 1.31 598 66.5a

YScH6 0.01 0.75 979 32.1b

YScH8 140 1.54 817 110.2a

YScH10 140 1.41 954 116.0a

YScH12 200 2.18 939 179.3a

Y0.5Sc0.5H6 500 1.12 1556 127.0c

aThis paper.
bReference [36].
cReference [37].
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FIG. 4. Calculated phonon dispersion curves, projected phonon density of states, and Eliashberg spectral function α2F (ω) together with
the electron-phonon integral λ(ω) for (a) Pm3̄-YScH6 at 1 atm, (b) P4/mmm-YScH8 at 140 GPa, (c) Cmmm-YScH10 at 140 GPa, and
(d) Pm3̄m-YScH12 at 200 GPa. The size of the red solid dots in the phonon spectra is proportional to the strength of electron-phonon coupling
(EPC).

estimated to be 66.5 K. This value is much higher than those
of other hydrides of the same type, such as YZrH6 (Tc = 16 K
at 1 atm) [34] and ScCaH6 (Tc = 57.3 K at 200 GPa) [32].
Furthermore, in comparison with those reported by Wei et al.
[36], our calculations demonstrate that YScH6 not only re-
mains stable under environmental pressures but also exhibits
an elevated Tc value. The λ’s of YScH8 and YScH10 are
calculated to be 1.54 and 1.41, respectively, while their Tc

values reach 110.2 and 116.0 K at 140 GPa, respectively.
Here, YScH12 has a strong λ of 2.18 and ωlog of 939 K at
200 GPa, resulting in a large Tc of 179.3 K. In contrast with
the superconducting calculation outcomes for Y0.5Sc0.5H6 at
500 GPa by Sukmas et al. [37], the λ and Tc of YScH12 are
both higher at 200 GPa.

To consider the pressure dependence of the superconduct-
ing properties of the system, we calculate the Tc of YScH8,
YScH10, and YScH12 under different pressures (see Fig. S9
in the Supplemental Material [51]). We can see that the Tc

of these three structures gradually decreases as the pressure
increases. This is mainly caused by the decrease of EPC with
increasing of pressure, indicating that the Tc values of these
systems are mainly dominated by EPC. Furthermore, the soft
mode that causes strong EPC in the mid-frequency region also
increases with pressure increase. In addition, we check the
influence of the Coulomb potential μ∗ on the superconduc-
tivity critical temperatures Tc. As shown in Fig. S10 in the
Supplemental Material [51], the Tc values of all four structures
decrease with increasing values of μ∗. When μ∗ = 0, the
Tc’s of YScH6, YScH8, YScH10, and YScH12 can reach 72.9,
123.4, 128.3, and 207.3 K, respectively. Obviously, the hydro-
gen content in the Y-Sc-H system significantly affects the EPC
and superconductivity. Both EPC and Tc values increase with

increasing hydrogen content. However, the pressure required
to stabilize the hydrides also increases with the increasing of
the hydrogen content.

To explore the reason for the appearance of the soft phonon
modes, we calculate the nesting function ξ (Q) [53] of YScH6

(1 atm):

ξ (Q) = 1

N

∑
k,i, j

δ(εk, j − εF )δ(εk+q, j − εF ), (9)

where n represents the number of k points, εk, j are the
Kohn-Sham eigenvalues, εF is the Fermi energy, and i, j are
the indices of energy bands. The electronic eigenvalues εk, j

are calculated with a 60×60×60 k-mesh. Figure 5(a) shows
the specific value of the nesting function ξ (Q) along high-
symmetry lines X → R → m → 
 → R in the Brillouin
zone. The large value of nesting function ξ (Q) indicates that
Fermi surfaces are more likely to nest along this vector. The
nesting function at point 
 in the center of the Brillouin zone
represents the entire Fermi surface nesting into itself; its value
is the largest but has no specific physical meaning. As shown
in Fig. 5(a), the sharp peak of ξ (Q) appears near the m point,
demonstrating that strong Fermi surface nesting occurs at this
point. In comparison with the distribution of the normalized
relative EPC intensity along the high-symmetry path, the EPC
intensity coincidentally shows obvious peaks at points 
 and
m [see Fig. 5(b)]. There exists optical branch softening at
point m in the phonon dispersion curve of YScH6. The strong
Fermi surface nesting corresponds to phonon softening at the
m point, suggesting that the soft phonon mode is induced by
the nesting of the Fermi surface. Notably, the specific values
of the nested functions of different paths correspond well to
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FIG. 5. (a) The calculated nesting unction ξ (Q) and (b) the
distribution of normalized relative electron-phonon coupling (EPC)
intensity of Pm3̄-YScH6 at 1 atm along the high-symmetry path. The
inset in (a) is the Fermi surface, and the inset in (b) is the integrated
EPC distribution of YScH6 in the plane of qz = 0 at 1 atm.

the number of soft phonon patterns along that direction and
the intensity of the phonon softening, which is consistent with
previous work on Y3CaH24 [31]. Thus, the Fermi surface
nesting is responsible for the soft phonon modes, EPC, and
superconductivity.

IV. CONCLUSIONS

In summary, the structures of YScH2n (n = 3–6)
ternary hydrides under high pressures were searched using

the particle swarm optimization technique combined with
density functional theory. Several hydride structures,
Pm3̄-YScH6, P4/mmm-YScH8, Cmmm-YScH10, and
Pm3̄m-YScH12, which exhibit stability and metallicity
between 1 atm and 300 GPa, were predicted and investigated.
Interestingly, the Pm3̄-YScH6 structure was predicted to be
dynamically stable at ambient pressure. As the stoichiometric
ratio of hydrogen atoms increases, the pressure required
to stabilize the corresponding hydride systems gradually
increases. According to our present calculations, YScH8 and
YScH10 begin to stabilize at 140 GPa, while YScH12 requires
a higher pressure of 200 GPa. Electronic band structure
calculations show that all four encountered structures are
metallic under their dynamic stability pressure range. In
addition, ELF calculations show that hydrogen atoms in
YScH6 have no interaction, while hydrogen atoms in other
structures show covalent interactions. Therefore, the hydrogen
atoms form hydrogen cage structures in the YScH2n(n = 4–6)
systems. This structural evolution caused by increasing the
hydrogen content is also concurrent with an increase in Tc.
The EPC calculation results show that YScH6 with A15-type
structure can maintain dynamic stability down to ambient
pressure with Tc up to 66 K, which is larger than the McMillan
limit. Increasing the hydrogen content, Tc increases. The large
occupation of the electronic DOS of H atoms and the strong
interaction between electron and optical phonon modes are
the key to obtaining excellent superconductivity in the Y-Sc-H
systems. Our comprehensive analysis will provide key insight
into the exploration of high-temperature superconductivity in
ternary transition metal hydrides.
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