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ABSTRACT

H3S, LaHy, and hydrogen-based compounds have garnered significant interest due to their high-temperature superconducting properties.
However, the requirement for extremely high pressures limits their practical applications. In this study, YH4 is adopted as a base material,
with partial substitution of yttrium (Y) by scandium (Sc), lanthanum (La), and zirconium (Zr). Pure YH,, stable at 120 GPa, exhibits a critical
temperature (T.) of 84-95 K. Substituting half of the Y atoms increases T. to 124.43 K for (Y,Sc)H, at 100 GPa but reduces it to 101.24 K
for (Y,La)Hy at 120 GPa. In contrast, (Y,Zr)Hy4 at 200 GPa shows a further suppressed T, of 69.55 K. The remarkable superconductivity in
(Y,Sc)H4 might be related to its unique phonon dispersion without an optical-acoustic gap, compressed Y-H bonds, and significant electron
delocalization under pressure, collectively boosting electron-phonon interactions. Furthermore, the lowest optical phonons play a crucial role
in the superconductivity of these materials. This work suggests that substituting Y with same-group metal elements is an effective strategy to

enhance T in hydride superconductors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0271662

I. INTRODUCTION

Superconducting materials have drawn significant attention
and are pivotal to the next industrial revolution. Among these,
hydrogen-rich compounds (H-series compounds) have emerged as
a prominent focus in superconductivity research due to their excep-
tionally high critical transition temperatures (T.), approaching
ambient conditions.' ™ Notably, research conducted between 2014
and 2015 revealed that H3S exhibited an exceptionally high critical
temperature T, of 203 K at around 90 GPa, as confirmed by both
experimental and theoretical studies.”” A major breakthrough came
in 2019 when experiments verified that LaHio in the Fm3m struc-
ture exhibits superconductivity at 170 GPa, reaching a T. of ~250 K.
These breakthroughs have spurred extensive research, significantly
expanding the family of hydrogen-based superconductors through
both experimental studies’'* and theoretical predictions.'®

In recent years, numerous hydrogen-containing superconduct-
ing materials featuring yttrium (Y) as a key element have been
discovered, demonstrating remarkable superconducting properties.
For instance, YHy with a P6/mmm symmetry at 201 GPa exhibits a

T. of 243 K,'! while YH, in the Im3m symmetry at 166 GPa achieves
a T. of 224 K in the experimental research.'” Among materials with
even higher T. values in theoretical research, the sodalite-like FCC
YH,o stands out, reaching 305-326 K at 250 GPa.”® Beyond these
binary hydrides, ternary hydrides incorporating Y have also shown
exceptional superconducting characteristics. For example, in the-
oretical research, the cubic Fd3m structure of CaYHj,, stable at
170 GPa, demonstrates a T of 258 K at 200 GPa.”” Similarly, Pm3m-
YCaH;j, is estimated to have a T, of 230 K at 180 GPa and remains
stable at 200 GPa.”

Despite the promising superconducting properties of the afore-
mentioned binary and ternary hydrides, their reliance on extraor-
dinarily high pressures severely limits practical applications. The
primary challenge in developing hydrogen-based superconductors is
achieving high T at reduced pressures, which has prompted explo-
ration of multiple approaches. For example, in theoretical research,
the T, of a-MoBsy, initially 37 K at 90 GPa, can be increased to
~43 K through electron doping.”” Similarly, two-dimensional hydro-
genated MgB, achieves a T, exceeding 100 K under biaxial tensile
strain in theoretical predictions.”’ In addition, HCP-(La,Ce)Ho_1o,
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synthesized experimentally at 100 GPa, exhibits a high T. of 176 K,
demonstrating its potential for high-temperature superconductiv-
ity.’! Nevertheless, several limitations remain: the prohibitive cost of
using rare-earth elements (La, Ce) as dopants at the same time, the
inherently low T, of a-MoB,, and the implementation difficulties
associated with two-dimensional hydrogenation of MgB,.

Building on the aforementioned discussion, we utilize YH4 as
the base material and create new compounds by substituting half of
the Y atoms with Sc, La, and Zr, respectively. In this study, we deter-
mine the stabilization pressures for these three materials and employ
calculations of differential charge density, Fermi surfaces, electronic
band structures, and density of states to elucidate their electronic
properties. In addition, we investigate their phonon characteristics,
including phonon dispersion and phonon density-of-state distribu-
tion. The T, ranges are determined using two distinct methods, with
the effective Coulomb pseudopotential parameter (u*) set to 0.05
and 0.4. Among the materials studied, (Y,Sc)H, at 100 GPa exhibits
the highest T. and requires a lower synthesis pressure compared
to the base material YH,. Our findings demonstrate that substi-
tuting Y with same-group metal elements effectively enhances T,
while substituting with neighboring elements significantly reduces
the superconducting performance of the material.

Il. COMPUTATIONAL METHODS

The lattice constants of the calculated materials were opti-
mized using the Vienna ab initio Simulation Package (VASP),”"”
employing the Perdew-Burke-Ernzerhof (PBE)** Generalized Gra-
dient Approximation (GGA).”” This optimization facilitated the
calculation and analysis of electronic properties, including density
of states, electronic band structures, and differential charge den-
sity, as well as phonon properties, such as the phonon spectrum
and phonon density of states. For both self-consistent and non-
self-consistent electron computations, a k-point grid of 12 x 12 x 6
was used, with an energy cutoff of 350 eV. Structural optimiza-
tion was considered complete when the maximum energy and force
converged to below 107 €V/A and 1 meV/A, respectively.

The electron-phonon coupling (EPC), spectral function, and
superconducting properties were computed using the Quantum-
ESPRESSO (QE)* package with optimized norm-conserving
Vanderbilt (ONCV)** pseudopotentials and the density functional
perturbation theory (DFPT) method. Calculations utilized a charge
density cutoff of 1040 Ry, a kinetic energy cutoff of 130 Ry, and k-
pointand g-point grids of 12 x 12 x 6 and 6 x 6 x 3, respectively. The
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isotropic Migdal-Eliashberg equations were solved using the EPW
program’”*” and the ELK code.”*"**

With the effective Coulomb pseudopotential parameters p*
ranging from 0.05 to 0.40, the McMillan-Allen-Dynes formula® is
utilized to calculate the T, of (Y,Sc,Zr,La)Hy,

w,
Te= 5 &P [

1.04(1+2) ] 0

CA—u*(1+0.621)

The electron-phonon coupling constant integrated over an
integrated domain is

w0 2T
May=2 [ FD Faf,‘" ) o, @)

where A(wmax) is the maximum phonon frequency and A is the
electron-phonon coupling constant A utilized in Eq. (1). Moreover,
the characteristic phonon frequency wjg, which is logarithmically
averaged, can be expressed as

Wlog = €XP [% /%azF(w)ln w]. (3)

The following are the
equationszz' °

isotropic  Migdal-Eliashberg

Z(iwy) = 1+ﬂ—TZ Ont

Y xAMn-n"),
Wn = \/wf,+A2(iw,,) @)

) A ny-u")

\ w? + A (iw,)
5

where the superconducting gap A(iw,) and the fermionic Matsub-
ara frequencies w,s are represented, together with the renormaliza-
tion function Z(iw, ). Consequently, the definition of the Eliashberg
spectral function is

Z(iwn)A(iwy) = rrTZ, /

o’F(w) =

1 Yai B
2N (0) qu: 0y 8(hw — hwgj), (6)

where wg; denotes frequency with a phonon j and a wave vector g,
and y,; denotes phonon linewidth.

QH
4

FIG. 1. Crystal structure representations
A suzila of (YSoHs at 100 GPa, (Y.Z0H, at
200 GPa, and (Y,La)H, at 120 GPa. The
structures of (Y,Sc,Zr,La)H, are depicted
in (a) front and (b) side views. The
blue spheres represent hydrogen (H),
the green spheres represent Y, and the
purple spheres represent Sc, Zr, or La.
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I1l. RESULTS AND DISCUSSION

As the matrix material investigated in this study, YH4 crystal-
lizes in the I4/mmm space group (No. 139), exhibiting an experi-
mental superconducting transition temperature (T.) of ~88 K at
155 GPa,” while theoretical predictions estimate T. between 84
and 95 K at 120 GPa.** The (Y,Sc)Hs, (Y,Zr)H and (Y,La)Hy
compounds maintain structural stability at 100, 200, and 120 GPa,
respectively, crystallizing in the same space group as YHy4, as shown
in Figs. 1(a) and 1(b). Complete structural modeling parameters and
thorough analyses of both kinetic and thermodynamic stability for
(Y,Sc)H4 (100 GPa), (Y,Zr)H4 (200 GPa), and (Y,La)H, (120 GPa)
systems are presented in Figs. S2-S4. The optimized lattice con-
stants are as follows: for (Y,Sc)Hs, a = b = 2.856 A, ¢ = 5.114 A;
for (Y,Zr)Hy, a = b = 2.678 A, ¢ = 5.056 A; for (Y,La)Hy, a = b
= 2811 A, ¢ = 5.648 A. Each structure consists of a cage of 18
hydrogen atoms enclosing the heavier metal atoms (Y, Sc, La, or
Zr). These materials share the same structure as other MH4 com-
pounds (M representing different metal elements),*® including pure
YH,, " ScHy,' % ZrH,,*** and LaH,.2° Interestingly, hydrogen
compounds composed of Y (group IIIB) and Zr (group IVB) require
higher pressures to stabilize, despite their similar elemental weights.
However, hydrides with elements Y, Sc, or La from group IIIB can
stabilize at comparatively lower pressures.

Figure 2 shows the differential charge density and average
Y-H bond lengths for (Y,Sc)Hs, (Y,La)Hs, and (Y,Zr)Hy, while
Fig. S5 presents the electron localization function (ELF) maps
along the (110) plane. Interestingly, we find that some elec-
trons detached from the central atoms (Sc, Zr, and La) become
highly localized in the interstitial regions near hydrogen sites.
This electron distribution closely resembles that of the near-room-
temperature superconductor LaH0,”" suggesting a possible link to
high-T. behavior. Furthermore, distinct bonding characteristics are
observed across the three compounds, which critically influence
their electronic structures and likely govern their superconducting
properties.

(Y,Sc)Hs, stabilized at a relatively low pressure of 100 GPa,
exhibits the strongest charge redistribution and highly localized
covalent Y-H bonds, with ELF values approaching 1 and the longest
average Y-H bond length (2.06 A). This indicates that the strong
electron-phonon coupling is closely associated with the material’s
bonding framework, which is enhanced under compression, rather
than being purely a consequence of external pressure. In contrast,
(Y,Zr)Hy requires a much higher pressure of 200 GPa to stabilize, yet
shows the weakest charge redistribution and lowest ELF values. Its
shortest Y-H bond length (1.92 A) suggests a more compact but less
covalent bonding environment. The structural rigidity introduced
by Zr likely suppresses bond flexibility and electron localization, thus
weakening electron-phonon coupling.

At an intermediate stabilization pressure of 120 GPa, (Y,La)Hy4
demonstrates intermediate charge redistribution characteristics
accompanied by partial electron localization, featuring an aver-
age Y-H bond distance of 2.01 A. The larger ionic radius and
lower electro-negativity of La may lead to a more relaxed bonding
environment that offsets pressure-induced bond compression. The
superconducting potential of these hydrides depends more critically
on the nature of hydrogen-mediated covalent bonding and electron
localization than on the applied pressure. Among them, (Y,Sc)Hy
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YScH, : 2.06 A
YLaH, : 2.01 A
YZtH, : 1.92A

FIG. 2. Front views of the differential charge densities are shown for (a) (Y,Sc)Hs,
(b) (Y,Zr)Hs, and (c) (Y,La)Hs. Small light blue spheres represent hydrogen (H),
large dark cyan spheres represent yttrium (Y), and the large pink, yellow, and light
green spheres at the center represent Sc, Zr, and La, respectively. Negative charge
regions are depicted in blue, while positive charge regions are shown in pink. (d)
The average bond lengths between Y and H elements for the three materials.

stands out as a promising candidate due to its favorable bonding
characteristics maintained even at low pressure.

Figures 3(a), 3(f), and 3(k) depict the electronic band structures
with orbital resolution of (Y,Sc)H4(100 GPa), (Y,Zr)H4(200 GPa),
and (Y,La)H4(120 GPa), respectively. Combined with the electronic
density of states (EDOS) for (Y,Sc)Hs at 100 GPa, as shown in
Fig. 3(b), the total EDOS value is ~1 state/eV. The contributions
from various orbitals H-s, Sc-s, Sc-p, Sc-d, Y-s, Y-p, and Y-d are rep-
resented by light-green, dark-red, dark-blue, light-blue, dark-yellow,
dark-violet, and mauve dots, respectively. Moreover, Fig. 3(a) reveals
that the electronic bands near the Fermi level for (Y,Sc)Hs are
predominantly composed of Y-d, Sc-d, and the H-s orbitals.

Since both La and Sc belong to group IIIB, the electronic bands
in Figs. 3(a) and 3(k) are similar. Sc has 3d! valence electrons, while
La has 5d" valence electrons, resulting in a higher Fermi level for
(Y,La)H4 compared to (Y,Sc)Hy. In contrast, the electronic bands
of (Y,Zr)Hy, depicted in Fig. 3(f), differ significantly from the other
two materials. This is because Zr, a member of group IVB, has 4d?
valence electrons, meaning one more than the valence electrons of
Scand La.

Figure 3(f) illustrates the orbital contributions near the Fermi
level for (Y,Zr)Hy at 200 GPa, where Zr-d, Y-d, and H-s orbitals
dominate the electronic bands. Similarly, the electronic bands near
the Fermi level for (Y,La)Hy, as shown in Fig. 3(k), are primarily
composed of H-s, La-d, and a smaller contribution from Y-d orbitals.
Figures 3(g) and 3(I) show that the total electronic density of states
(EDOS) at the Fermi level (Eg) is ~0.9 states/eV for (Y,Zr)H4 and
0.94 states/eV for (Y,La)H,. Both values are lower than the EDOS
of (Y,Sc)Hy, which accounts for its higher T.. The enhanced T.
of (Y,Sc)Hy is thus correlated with the greater EDOS amplitude
around Er.

The phonon dispersions of (Y,Sc)Hs, (Y,Zr)Hs, and
(Y,La)Hy are presented in Figs. 3(c), 3(h), and 3(m), respectively,
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FIG. 3. Electronic and phonon properties of (Y,Sc)Hs (100 GPa), (Y,Zr)Hs (200 GPa), and (Y,La)H4 (120 GPa), respectively. (a) The electronic band structures and (b)
the electronic density of states (EDOS) for (Y,Sc)H,. The gray-scale highlights orbital contributions, with H, Sc, and Y orbitals represented by dark blue, light blue, and
orange lines, respectively. (c) The phonon dispersion and (d) phonon density of states (PDOS) for (Y,Sc)H4, where H, Y, and Sc are represented by dark blue, green,
and pink shades. The total PDOS is shown as a gray dotted line, with arrows indicating the percentage of PDOS contributed by each element. (€) The electron-phonon
coupling integral A(w) (aqua line) and the Eliashberg spectral function a?F (w) (violet line). (f)-(j) and (k)—(0) depict the corresponding properties for (Y,Zr)Hs and (Y,La)Hs,
respectively.
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FIG. 4. Calculated Fermi surfaces for (Y,Sc)Hs, (Y,La)Hs, and (Y,Zr)Hs. Panels (a) and (b) show the first and second energy bands of (Y,Sc)Hs, while panels (c) and (d)
depict the first and second energy bands of (Y,La)H,. Panels (e), (f), and (g) illustrate the first, second, and third energy bands of (Y,Zr)H, respectively, as generated using

Xcrysden.®" (h) The k-path, comprising high-symmetry points Z, A, M, T, R, and X, is represented by blue lines in the panel.

o 1" = 0.05
~10} .
> 0 e 1 = 0,10
g e 11 = 0,15
8t e 11 = 0.20
2 n'=025
9 N
=0.30
g 6F '
& u =035
on "=0.40
= -~
Q
g
(=]
8 2r
2
=]
1 1 1 1
50 100 150 200
T, (K)

—=—ELK |1 ~5} =005
2 p'=0.10
§4 —=0.15
- B _“*:0.20
< e 1" = 0.25
i
o — =0,
g 2k
Q
=
=]

g

o 1+

2

=

ot (d)

50 100 150 200
T, (K)

100 - ELK |1 — | — =005
90 —e—EPWH % — = 0.10
g0l 1 & u =0.15
ol 126t u=0.20

% u' =025

) 60 E a u =030

~ L i 4+ I -

e 50 E; W'=035
40+ 1% " = 0.40
30} 1382}

Q
20 - 185
10+ § 0
(Y,La)H, (f,
1 1 1 1 1 1 1 1
0.1 02 0.3 0.4 50 100 150 200
u T, (K)

FIG. 5. Superconducting characteristics
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using the EPW code,*® as detailed in
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demonstrating the dynamical stability of these materials. Notably,
the gap between the optical and acoustic branches increases across
Figs. 3(c), 3(h), and 3(m). At high frequencies, hydrogen dominates
the optical branches, while the metallic elements Y, Sc, La, and
Zr contribute predominantly to the acoustic branches at low
frequencies, as illustrated in Figs. 3(d), 3(i), and 3(n). The phonon
density of states (PDOS) shows that Sc, Zr, and La occupy nearly
the same proportion. Further calculations for (Y,Sc)Hs, (Y,Zr)Ha,
and (Y,La)Hy yield the Eliashberg spectral function o’F(w) and
the electron-phonon coupling AMw), depicted in Figs. 3(e), 3(j),
and 3(0).

Interestingly, the electron-phonon coupling strength A and
spectral functions for (Y,Zr)Hs and (Y,La)Hy indicate that high-
frequency phonons play a critical role in the superconducting
properties of both materials. These high-frequency phonons, rep-
resented by the optical branches, are predominantly contributed by
the hydrogen (H) atoms, as shown in Figs. 3(h) and 3(m). In con-
trast, an important distinction for (Y,Sc)Hj is the absence of a gap
between the acoustic and optical branches, as observed by compar-
ing Figs. 3(c) and 3(e). The A values for (Y,Sc)Hs, (Y,Zr)Hy, and
(Y,La)H, are 1.80, 1.05, and 1.23, respectively, further highlighting
the enhanced electron-phonon coupling in (Y,Sc)Hs.

As shown in Fig. 4, the Fermi surface (FS) topologies of
(Y,Sc)Hy, (Y,Zr)Hy, and (Y,La)Hy differ markedly, reflecting distinct
orbital contributions and symmetry-derived band degeneracies.
These topological features directly correlate with the band structures
and electron-phonon coupling constants (1) extracted from Fig. 3,
highlighting the critical role of electronic structure in determining
superconducting properties. In (Y,Sc)Ha, the Fermi surface consists
of a three-dimensional, highly interconnected network formed by
degenerate E, bands, primarily originating from Y or Sc-d orbitals
crossing the Fermi level along high-symmetry directions such as T-Z
and R-A. This topology promotes strong electronic state overlap and
scattering phase space, resulting in a substantial electron-phonon
coupling constant of A = 1.80, indicative of strong superconducting
potential.

In contrast, (Y,La)H4 exhibits a quasi-two-dimensional Fermi
surface composed of cylindrical sheets primarily derived from the
d orbitals of Y, with minimal dispersion along the k. direction.
Although the band remains degenerate, the reduced interlayer elec-
tronic overlap and stronger anisotropy yield a moderately strong
coupling of A = 1.23. Meanwhile, (Y,Zr)H, presents a collection of
discrete, nearly spherical and spindle-shaped Fermi pockets spread
across the Brillouin zone, arising from hybridized Zr-d and Y or
Zr-d orbitals. This fragmented and weakly connected Fermi surface
leads to a lower density of states at the Fermi level and a relatively
weak electron-phonon interaction, with A = 1.05. The dimension-
ality, degeneracy, and multiplicity of Fermi surface sheets substan-
tially modulate the electronic density of states and electron-phonon
coupling strength, ultimately governing the superconducting tran-
sition temperature achievable in each compound. In addition,
Fig. 4(h) highlights the high-symmetry point pathways for the three
materials.

Two methods were employed to systematically determine the
superconducting properties of (Y,Sc)Ha, (Y,Zr)Hy, and (Y,La)Hy, as
shown in Fig. 5. The computational details are outlined in Egs. (1),
(4), and (5). Using the EPW code,” the critical temperature T
as a function of the Coulomb pseudopotential parameter yu* was

ARTICLE pubs.aip.org/aipl/jcp

calculated, with results displayed in Figs. 5(a), 5(c), and 5(e). To
investigate the T. of (Y,Sc)Hs, (Y,Zr)Hy, and (Y,La)H, systems,
we selected y* = 0.05 in our EPW calculations. This value was
determined based on the experimentally measured T, of 90 K for
(Y,La)Hy4 at 110 GPa from previous studies.™

Once the computational parameters were established, T val-
ues for the two materials were calculated using the EPW code®” to
be 104.32, 77.40, and 85.39 K at 100, 200, and 120 GPa, respectively.
As shown in Figs. 5(b), 5(d), and 5(f), T, values obtained using the
ELK"! program exhibit the same decreasing trend with increasing
u* as observed with the EPW code. Assuming y* = 0.05, the cal-
culated T values are 124.43 K for (Y,Sc)Hy, 69.55 K for (Y,Zr)Hy,
and 101.24 K for (Y,La)H4. The two computational approaches yield
consistent results, indicating the credibility of our findings on the
superconducting properties of these materials.

After systematically evaluating two computational approaches,
we ultimately selected the ELK*! code results for final reporting due
to their optimal balance between computational efficiency and pre-
dictive accuracy. While the superconducting transition temperature
(T¢) of (Y,La)H, has been previously documented,” our calcu-
lations predict that (Y,Sc)Hs at 100 GPa exhibits a significantly
enhanced T, of 124.43 K. This theoretical prediction, represent-
ing a notable advancement beyond currently reported values, awaits
experimental verification through future high-pressure studies.

To compare the T, of binary hydrides in the I4/mmm space
group under varying pressure conditions, we compiled their data
alongside our results, as shown in Fig. 6. In the field of superconduc-
tivity, the ideal materials exhibit higher T under lower pressures.
As illustrated in Fig. 6, the T, for (Y,Sc)Hy in this study, 124.43 K,
establishes it as the best-performing superconductor among binary
hydrides in the I4/mmm space group. Our findings indicate that
(Y,Sc,La)Hy outperforms pure YH4, " ScHy, " and LaH4.2°

180
ScH,
160 ZrH,
B MgH,
140 | * YH,
TbH,
0} ® B A L,
= (La,Y)H,-exp
g 100 + ’ (Y,Sc)H,-this work
\%:, & n . (Y,La)H,-this work
&~ 80 | * | | (Y,Zr)H,-this work
B YH -exp
60
40 - ™
|
20
0 L L 1 1 *
100 150 200 250 300 350
Pressure (GPa)

FIG. 6. Critical temperature T, of MH, compounds (M represents different metal
elements) with the /4/mmm space group at various pressures. The red, purple, and
green rhombuses indicate T values for (Y,Sc)Hy, (Y,Zr)H4, and (Y,La)H,, respec-
tively. Light blue dots, bright blue triangles, navy blue squares, black stars, orange
dots, purple triangles, and pink triangles represent data for ScHy, '%“¢ ZrH,, 049
MgHy, 4993 YH,,“44° ThH,,54 LaH,,2% and (La,Y)Hy,52 respectively.
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Conversely, (Y,Zr)H, exhibits a significantly lower T compared to
other compounds in the same family. Based on these results, we con-
clude that metallic elements can be incorporated into binary hydride
superconductors to enhance T, and reduce the required pressure.
A particularly effective strategy involves substituting a metal ele-
ment from the same group, while substitution with neighboring
elements significantly degrades the superconducting performance of
the materials.

IV. CONCLUSIONS AND DISCUSSIONS

In this work, we determined the precise superconducting crit-
ical temperatures T, for (Y,Sc)Hy (100 GPa), (Y,Zr)H, (200 GPa),
and (Y,La)Hs (120 GPa) by substituting Sc, Zr, and La for
half of the Y atoms, using three computational codes. In addi-
tion, we calculated electronic band structures, phonon dispersions,
electron-phonon coupling strengths, and superconducting proper-
ties based on the McMillan-Allen-Dynes formula, as well as the
isotropic and anisotropic Migdal-Eliashberg equations. Our key
findings are summarized as follows:

(i) For (Y,Sc)Hy4 (100 GPa), (Y,Zr)Hs (200 GPa), and (Y,La)H4
(120 GPa), the T, values are 124.43, 69.55, and 101.24 K,
respectively, when p* = 0.05.

(ii) The excellent superconductivity of (Y,Sc,Zr,La)Hs can be
attributed to the critical contribution of the lowest phonon
branches.

(iii) The strong electron-phonon coupling in (Y,Sc)Hj arises from
a combination of soft hydrogen-dominated phonon modes,
strong covalent bonding between hydrogen and metal atoms,
and electron localization in interstitial regions.

(iv) Doping with isovalent metals enhances T, while adjacent-
element doping degrades superconducting performance.

SUPPLEMENTARY MATERIAL

See the supplementary material for unit cell construction in
Sc-, La-, and Zr-substituted systems, pressure selection criteria,
and dynamic and thermodynamic stability analysis of (Y,Sc)Ha,
(Y,Zr)Hy, and (Y,La)H4. The electron localization function (ELF)
plots at corresponding pressures are also presented.
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