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First principles prediction unveils high-T,
superconductivity in YSc,H,4 cage structures
under pressureTf
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The quest for room-temperature superconductivity has been a long-standing aspiration in the field of
materials science, driving extensive research efforts. In this work, we present a novel hydride, YScoHzq,
which is stable at high pressure, identified through crystal structure prediction methods. The discovered
material is crystalline in a hexagonal unit cell with space group P6/mmm and has a fastinating structure
consisting of two distinct cages: Sc@H,4 and Y@H3p. By conducting an extensive numerical investigation
of lattice dynamics, electron—phonon coupling, and solving the isotropic Eliashberg equation, we have
revealed a significant value of 1 = 3.27 as the underlying factor responsible for the remarkably high criti-
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cal temperature (T.) of 302-330 K in YScoH,4 at a pressure of 310 GPa. As pressure increases, the
T. remains above the ambient temperature. Our work has the potential to enhance the existing under-
standing of high-temperature superconductors, with implications for practical applications. The unique
network of these cage-like structures holds great promise for advancing our understanding of high-
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1. Introduction

Considerable focus is devoted to the behaviour of hydrogen
under significant pressure in the pursuit of high-temperature
superconductivity. In such extreme conditions, the lightest
element, hydrogen, is supposed to be capable of forming
metallic hydrogen. It has significant high-T, superconductivity
originating from its high Debye temperature and strong elec-
tron-phonon interaction." Researchers have investigated the
capabilities of hydrogen-rich materials as well as high-pressure
solid hydrogen. If one considers these substances to be “che-
mically precompressed” they may be able to superconduct at
considerably lower pressures. It is possible to find supercon-
ductivity in compounds that contain a high amount of hydro-
gen, which also makes these compounds simpler to work with
in experiment.” The discovery of hydrogen sulphides (H3S)® is
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temperature superconductors, potentially leading to innovative applications.

crucial for understanding the origin of superconductivity in
hydride materials. At pressures greater than 100 GPa and a
critical temperature (7.) of roughly 80 K, H3S was predicted to
be superconducting. Experiment later confirmed this theoreti-
cal prediction;* H,S is superconducting with a T, of 203 K at
200 GPa, which breaks the temperature record of cuprate of
164 K.>® This was predicted by the Bardeen-Cooper-Schrieffer
(BCS) phonon-mediated theory of superconductivity.>”® This
implies that certain hydrogen molecules may exhibit super-
conductivity at extremely high temperatures. Finding new
superconductors is still crucial in condensed matter physics.
Expenses incurred in the development of materials can have
superconducting at greater transition temperatures and per-
form in more realistic conditions. Superconductivity at ambient
conditions has long been difficult to achieve in the field of
condensed matter science. Superconductivity was previously only
observed at extremely low temperatures, often below 39 K which
makes it impractical for liquid nitrogen cooling.”'® After discover-
ing high-temperature superconductors'™'> such as cuprate super-
conductors with T, values as high as 164 K,"* scientists went out to
find superconductivity at even higher temperatures. Whatever was
done, the highest value of T, remained constant for a long time.
This demonstrates how difficult it is to make superconductivity
work at room temperature. One method for searching for high-
temperature superconductivity is to use hydride molecules with
clathrate-like structures. Essential parts of these materials are
elements located in the middle of the H,, cages."*"” They are

This journal is © The Royal Society of Chemistry 2024
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known as core elements, and assist electrons pair up by acting
as electron sources. Hydrogen atoms within these rings are
held together by weak covalent interactions. In typical com-
pounds like Hj;S, strong covalent bonds connect hydrogen
atoms to sulphur atoms. These new structures have undergone
some modifications. YH;, and rare-earth hydrides are pre-
dicted to have structures similar to clathrates but with addi-
tional hydrogen, namely Hj, cages.’®'® Because they are so
close to pure hydrogen, these superhydrides are expected to
have high T.. Theoretical calculation based on density func-
tional theory predicted that the T. of YHs can reach 264 K at
120 GPa'**® and 280 K at 200 GPa for LaH,,>°. Recent work has
explored various polyhydrides under high pressure, including
studies by Chen et al. (2021) on lead hydrides,*’ Dou et al.*" on
ternary Mg-Nb-H polyhydrides,” Sun et al on Na-PH
superconductors,*® and Li et al. on alkaline boron hydrides.*
These studies provide additional context for understanding
the behavior of polyhydrides and underscore the relevance of
high-pressure hydride research. Despite continuous efforts by
scientists to discover materials exhibiting high-temperature
superconductivity, conducting experiments that definitively
validate the theoretical predictions remains challenging. Creat-
ing and studying superconducting phases under ideal condi-
tions is a tough task that requires a considerable amount of
resources and technological challenges. Thus, high T, research
for metal hydrides has been particularly active in the recent
decade. In this work, we are probing of potential stable alter-
native systems using ab initio random structure searching with
a fixed composition. We discovered a unique system with an H-
cage structure that has significant electron phonon coupling,
resulting in an anomalously high T. that may be used as a
viable contender for room temperature superconductors.

2. Computational methods

The potential energy landscape of the Y-Sc-H system is inves-
tigated using particle swarm optimization (PSO) as implemen-
ted in CALYPSO program.”* The PSO algorithm employs a
swarm of 32 particles to locate thermodynamically stable
structures, utilizing a PSO ratio of 0.6 to balance global and
local search capabilities. The maximum number of iterations
for the PSO is set to 100, which helps achieve optimal solutions
while conserving computational resources. Our crystal struc-
ture search is limited to Y, = 1-3, Sc, = 1-3, and H ranging from
6 to 30, with a maximum total of 30 atoms. To construct
the ternary convex hull, we used binary compounds: Y-H
(YH;, YHs, YH9, YH10),>?® Sc-H (ScH,, ScH;, ScH4,
ScH10),® and the elemental phases C2/c-H,*” P6,22-Sc,”® and
Fddd-Y.*® The analysis was performed using Matador*® and
Pymatgen.’® With found thermodynamically stable stoichio-
metric, we conducted further the ab initio random structure
searching (AIRSS)**> where we generated 2000 random atomic
structures, ensuring that the minimum distance between
atoms was at least 0.9 A and did not exceed 3.2 A. We employed
AIRSS in conjunction with the Quantum ESPRESSO
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package®*?* for performing geometry optimization based on
density functional theory (DFT).***® The most stable structures
resulting from AIRSS were then subjected to rigorous geometry
optimization within quantum ESPRESSO and electronic struc-
ture study. We utilized the generalized gradient approxi-
mation®” in the form of the Perdew-Burke-Ernzerhof (PBE)*®
to determine the most energetically favorable atomic positions.
To assess structural stability and the superconducting transi-
tion temperature, we conducted ab initio phonon calculations.
These calculations involved the application of the McMillan
formula, the Allen-Dynes formula, and the numerical solution
of the Eliashberg function, which will be discussed in more
detail in a later session. We carefully defined several computa-
tional parameters, including the cutoff energy for the plane-
wave basis set and the grid mesh sizes over the Brillouin zone.
Proper selection of these parameters is crucial for obtaining
reliable results. Specifically, we set the energy cutoff for the
plane-wave basis set and the charge density cutoff to 60 Ry
and 480 Ry, respectively, to ensure convergence to within
1 meV atom ‘. We used a dense 18 x 18 x 18 k-mesh for
self-consistent field calculations to achieve accurate phonon
frequencies within a few cm™". Details of the phonon frequency
convergence can be found in the ESI,f Fig. S3. To enhance
convergence, we applied the Marzari-Vanderbilt smearing
scheme® with a broadening width of 0.02 Ry. For density
functional perturbation theory (DFPT)* calculations, we uti-
lized a 6 x 6 x 6 g-mesh to sample the reciprocal space and a
much denser 36 x 36 x 36 k-point mesh for accurate electron-
phonon coupling coefficients.*’ We employed pseudopoten-
tials from the standard solid-state pseudopotentials (SSSP)
library*? for the Y, Sc, and H elements.

3. Main results and discussion

We analyzed the decomposition enthalpies of the binary
hydrides (Sc-H and Y-H) using a convex hull to establish the
thermodynamic stability of Y-Sc-H, as shown in Fig. 1. The
ternary convex hull reveals the existance of 2 thermodynami-
cally stable compounds which are YSc,H,4 and Y,Sc,Hy,. Using
these found stoichiometric, we conduct further random struc-
ture searching with AIRSS and add restrictions to ensure a
minimum H-H distance of 1.0 A and a largest minimum
distance of 3.2 A inside the system. These constraints were
particularly crucial for accommodating small distances, such as
those associated with hydrogen atoms. The composition
YSc,H,, inherits the MHg, MH,, (M =Y, La, Th, Sc)**™*° and
share the similar crystal structure with recent found LaSc,H,,
superconductor.*® Fig. S1 in the ESIt shows the enthalpies of
the 50 structures with the lowest values, revealing distinct
plateaus in the enthalpy that strongly suggest the presence of
structurally similar configurations, possibly corresponding to
the same space groups. It should be acknowledged that the
high number of atoms in the unit cell limited the success rate.
The range of measured enthalpy was found to be vast, mostly
due to the significant number of atoms present inside the
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system, as depicted in the inset of Fig. S1 (ESIt). Nevertheless,
the utilisation of this structure search methodology has pro-
vided significant insights into the presence of different struc-
tures, particularly when considering the distinct enthalpy
plateaus that are observed. We also evolutionary algorithm
for crystal structure prediction®” to ensure the accuracy of the
searching, the results are shown in Fig. S2 of the ESIL{
Among these structures, the one with the lowest enthalpy
was found as hexagonal YSc,H,, with the P6/mmm space group.
The optimized lattice constants at 310 GPa are: a = 4.60 A,
¢ = 3.24 A. Yttrium (Y) atoms are located in the centre of a
Y@H30 cage in this configuration corresponding to Wyckoff
site 1b, and the Y-H bonds have lengths of 1.89, 1.94, and 1.88,
corresponding to three different types of H atoms. This cage
structure is novel; it contains two hexagons, six rhombuses, and
twelve pentagons (see Fig. 1). Sc@H24 is an additional cage-like
structure composed of scandium (Sc) atoms arranged in a
24-coordinate pattern, with Sc located at the corresponding
Wyckoff site 2¢; the Sc-H bonds in this configuration measure
1.80, 1.83 and 1.72 A, respectively. This Sc@H24 cage resembles
the La@H24 and Y®@H24 structures found in hydrogen
cage."'”** The crystal structure contains three distinct H sites
positioned at the Wyckoff locations of 6m (0.76305 0.5261 0.5),
6j (0.22898, 0.0, 0.0), and 12n (0.37974, 0.0, 0.29064). The
hydrogen-hydrogen bond lengths exhibit a range spanning
from 1.06 to 1.17 A. Significantly, the H-H bond lengths in
question display similarities to those observed in CaHg (1.24,
1.20, and 1.17 A at 150 GPa)*® and LaH,, (1.07 A and 1.16 A at
300 GPa), hence leading to the establishment of an atomic
hydrogen sublattice that has a strong resemblance to those
present in other clathrate hydride structures. It is worth noting
that these H-H distances are more extended than that of H-H
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in molecular hydrogen (0.74 A).*> A detailed information of
crystal structure of YSc,H,, at 310 GPa can be find in the ESL¥
We also compared the enthalpy of YSc,H,, with known struc-
tures, which can be a possible route to form this crystal at a
range of pressure from 150-350 GPa as shown in Fig. 2. At
pressures lower than 281 GPa, YSc,H,, is unlikely to form
because of its higher enthalpy compared to a combination of
YH,,,%° ScHg,*° ScH5,%° and H,.>* From 281 GPa and upwards,
YSc,H,,4 has a lower enthalpy than these combinations, indicat-
ing its thermodynamic stability. It is worth noting, however,
that the structure becomes dynamically stable only at pressures
higher than 310 GPa within the harmonic approximation, as
detailed in a later section. The phases used in enthalpy com-
parison are as follows, H,: C2/2 (150-250 GPa), Cmcm (300-350
GPa),*” ScHg: P63/mmc (150-300 GPa), Im3m 350 GPa,*® ScH.:
Cmem,>® YHq: P63/mmc,*® and YH,o: Fm3m.>> Recent experi-
ments demonstrate that YH;, was not detected;"> however, with
an enthalpy approximately 13-21 meV atom " lower than that
of YH;4, YHy, ScHg, ScH-, and H, combinations, YSc,H,, shows
potential for realization in future experiments. This compound
may be stabilized using high-pressure techniques, such as
provided by a diamond anvil cell, starting perhaps from stable
binary hydrides such as ScH;, and YHg. The YSc,H,, phase may
be reproduced, too, by hydrogenation under controlled pres-
sure and temperature conditions. We have also identified a new
energetically stable structure with the stoichiometry Y,Sc,Hj,.
In this monoclinic structure, classified under the C2/m space
group, hydrogen atoms form a complex network around the
metal centers, resulting in various coordination geometries and
bond lengths. Both yttrium (Y) and scandium (Sc) are encased
in a shell of 15 hydrogen atoms, creating Y@H15 and Sc@H15
coordination environments, respectively. The crystal structure
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Fig. 1 Convex hull representation for the Y-Sc—H system at 310 GPa. Solid black lines connect the thermodynamically stable phases. The colors within
the regions of the convex hull indicate the overall formation enthalpy. The color of each circle reflects the distance of the associated phase from the
convex hull Crystal structure of hexagonal YSc,H,4 at 310 GPa, this structure contains Sc@H24 cage and Y@H30 cage. The Sc@H24 cage is composed of
three hexagons and six pentagons, whereas the Y@H30 cage is composed of two hexagons, six rhombuses, and twelve pentagons.
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of Y,Sc,H;, in the C2/m space group is depicted in Fig. S4 of the
ESI,T with detailed structural data provided in Table SII of the
ESL}

In order to investigate the electronic characteristics of
YSc,H,, at a pressure of 310 GPa, we conducted calculations
to determine its electronic band structure and projected elec-
tronic density of states (PDOS). The metallic nature of YSc,Hy,
is indicated by the presence of multiple electronic bands
intersecting the Fermi level, as depicted in Fig. 3. The partial
density of states (PDOS) analysis of YSc,H,, reveals a significant
density of states (DOS) originating from H at the Fermi level.
This resemblance to the DOS observed in LaH,;,>>°* and
YH,,,"® CaHg"® at a pressure of 310 GPa suggests that YSc,H,,
will likely display high-temperature superconductivity primarily
driven by hydrogen. The density of states (DOS) obtained from
Sc has a similar pattern to the DOS derived from H, high-
lighting the significance of Sc’s contribution to the supercon-
ductivity observed in this particular system. The partial density
of states (PDOS) analysis shows that hydrogen atoms contribute
significantly to the DOS at the Fermi level, accounting for
46.5%. Sc atoms also contribute notably, with 35.6%, while
the contribution from Y atoms is less pronounced at 17.9%.
The significant presence of Scs DOS at the Fermi level indicates
that Sc atoms may play an active role in enhancing electron-
phonon coupling and, therefore, could positively impact the
superconducting properties. In metal-hydrogen cage struc-
tures, there is typically a charge transfer from the metal atoms
to the H-atoms. This process not only serves as a stabilizing
force for the cage structure but also supplies additional elec-
trons for superconducting pairing. To quantify the amount of
charge transfer, we utilize Bader charge analysis, as detailed in
ref. 55. Our analysis reveals that Y donates 1.35e~ to H-atoms,
while each Sc atom donates 1.1e~ to H-atoms. On average, each
H atom accepts 0.15 electrons, which proves insufficient for
dissociating H, but significantly contributes to bond weaken-
ing. This effect results in a longer H-H distance, with the
minimum distance between H-H found to be 0.8 A in this
system. Consequently, YSc,H,, does not contain monatomic
H atoms.

Due to their lightweight nature, hydrogen vibrations in the
lattice are perhaps the most important driving source for the
superconductivity of solid hydrogen and hydride superconduc-
tors. Fig. 4 shows the phonon dispersion of YSc,H,, under
different pressures from 250 to 325 GPa. The space group of the
structure remains the same within this pressure range, leading
to quite similar dispersion curves. However, structural instabil-
ity exists at the lower pressure of 250 GPa, located at the L-point
of the Brillouin Zone. There is also a Kohn anomaly at g-point
in between the direction I'-M, which may indicate strong
electron-phonon coupling or the possibility of instability.
These characteristics vanish at higher pressures, such as
310 and 325 GPa. At 300 GPa, the L-point mode becomes real
while an edge of instability is still present at g-point in between
the direction I'-M, and at 310 GPa and above, this behavior
disappears completely. It is worth noting that the phonon
dispersions of this compound are quite sensitive to k-point

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 A comparison of the enthalpies of YSc,H,4 and several potential
decomposition pathways originating from established structures, including
Y10, YHo, ScHg, ScH7, and Hy, with respect to pressure. The arrow indicates
the pressure where YSc,H,4 becomes energetically favorable.

sampling. In this work, a 18 x 18 x 18 k-point mesh was found
to converge the low-lying modes at the L points and the g-points
near M, as shown in Fig. S3 of the ESIL.{ At 250 GPa, the high
frequencies (>500 cm™') in YSc,H,, approach and intersect
with the lower-frequency range. However, at higher pressures,
these high-frequency ranges from a phononic gap that sepa-
rates them from the lower frequencies. As expected, an increase
in pressure leads to the expansion of the frequency width, as
clearly evident in Fig. 4.

Recent theoretical works about Y-Sc-H compounds have
predicted several stable phases with significant superconduct-
ing potential. For example, cP8-ScYH¢ has been proved dyna-
mically stable even at pressure as low as 0.01 GPa, and a T, as
high as 32.1 K means that good hydride superconductors can
be obtained even under moderate pressure conditions.’® On
the other hand, Scy5YosHe, with a 7. as high as 127 K, has
shown that substitution of elements probably can further
enhance superconductivity.”” Further, the more hydrogen-rich
phases, such as YScH;,,”® have even higher critical tempera-
tures, up to 179 K, which indicates the role of hydrogen in
electron-phonon coupling strengthening. This is an important
factor in superconducting behavior for YSc,H,, s as well. Thus,
it is interesting to explore the electron-phonon interaction of
this system, due to the existence of H-cage and its relation to
the known high T. superconductor like YH;, YH, and other
Y-Sc-H compounds. Following we only discuss in detail the
case 310 GPa. The electron-phonon coefficients can be
obtained as ref. 40

5 12
gk, i,j) = (m) <'//zgk
qu

where M denotes the atomic mass, q and k represent wave
vectors, and i, j, and v denote phonon modes and electronic

dVsck s
4~ ' Squ
ditg,
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Fig. 3 Electronic band structure of YSc,Ho4 at 310 GPa and projected
electronic density of states (PDOS) of each element. The dash line
indicates the Fermi level.

energy band indices, respectively. The phonon linewidth y,, can
be obtained from g, using:
&’k a2
Vv = 2MWgy Z Q_BZ|ng(k7 1,J)[70(eqi — er)o(ex+q; — €F), (2)

i

The electron-phonon coupling (EPC) constant, 4,,, for mode
v at wavevector ( is defined as

’y 14
Dy = —— 2
" N (eF ) wg,? (3)

We can also obtain the Eliashberg spectral function as

1 v .
> o(w— wa,)L from which we can deter-

2F —
@ Flw) 21N (er) ‘@ hog,)

. N o F ()
mine the total EPC by summing 1= 14 :2dew.
qv
These pieces of information are crucial for estimating the
superconducting transition temperature. However, before div-
ing into this, let’s explore these details further to enhance our
understanding of this system. The similarity between the
phonon density of states (DOS) and the Eliashberg spectral
function underscores the phonon-mediated nature of super-
conductivity in this material, Notably, Y and Sc contribute
significantly to the total EPC, especially at lower frequencies,
with their contributions reaching up to one-third of the total
EPC. Despite hydrogen atoms being the primary EPC contribu-
tors (67%), the substantial impact of Y and Sc at lower
frequencies, contributing to a 4 value up to 1.07, emphasizes
the importance of heavy elements in enhancing superconduct-
ing properties. The calculated A value for YSc,H,, is 3.27 at 310
GPa which is larger than that of YH;, (2.56)*° (2.41)*° and
similar to YHg (2.93).>>?° Its value is also comparable to LaH,,
which exhibits a wide range of /4 values, ranging from 1.44 to
3.94,%° or Li,MgH,s,>> which possesses a value near 4 over a
similar range of pressure. Under greater pressure, at 325 GPa
A reduces to 3.0 together with extra high phonon frequencies,
making it somewhat similar to EPC properties at 310 GPa, as
shown in Fig. 6. The calculated phonon linewidth, which is
proportional to the Electron-Phonon coupling (EPC), is

17258 | J Mater. Chem. C, 2024, 12,17254-17262
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Fig. 4 YSc,H,4 phonon dispersion at different pressures ranging from 250 to
325 GPa. The region of imaginary frequencies marked by the zero-line
frequency reflects the system'’s dynamic stability. A phonon mode experiences
instabilities at 250 GPa, as evidenced by the imaginary mode at the L point of
the Brillouin zone. While 300 GPa still shows signs of instability, with imaginary
modes present at I'-M or a particularly sensitive imaginary mode at L, at
310 GPa and above, all frequency modes are real, indicating dynamic stability.

depicted as circular markers on the phonon dispersion of
YSc,H,, in Fig. 5. At first glance, one can observe that most
of the EPC results from the vibrations of hydrogen atoms, as
evident in the partial density of states (PDOS, shown in Fig. 5),
where the high-frequency range corresponds to hydrogen atom
vibrations, reflecting their lightweight nature. In contrast, the
heavier yttrium (Y) and scandium (Sc) atoms predominantly
contribute to the lower frequency range. With values of
A greater than 1.5, which fall into the strong coupling regime,
the McMillan formula is known to underestimate the T..°°
Therefore, we revert to the Allen-Dynes equation to calculate T.:

:fl](2<wlog> exp< 1~04(1 +/1) ) (4)

T,
¢ 1.20 Jo—pt —0.625u*

where f; and f, are the strong-coupling correction and the
shape correction respectively.®°

A 2] '
1+(2.46(1+3.8u*)) ] (%)

n (UJZ/(Ulog - 1)12
22+ (1.82(1 4 6.3u%) (02/W10g) )2

fi =

fr=1 (6)

The modified McMillan equation has exactly the same form but
with f; f5 = 1. The obtained 7 at 310 GPa is 7™ = 194 K (175 K)
with a Coulomb repulsive parameter p* of 0.1 (0.16) compared to
T2P = 272 K (229 K) which clearly demonstrates the noted
difference. We also used Matsubara-type linearized Eliashberg
equations®" to compute the critical temperature of the supercon-
ducting transition:

hoy = n(2f + kT, j=0, +1, +2,... 7)
©  wiF(w)
/l(a)[ — w,) = ZJO 40)2 T (CU,‘ — C{)j)zdw (8)
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[ — @) — w]

A((L):CU,*7 T) = A,(T): TEkBTZ
J p+

where T is the temperature (K), o is the frequency (Hz), p(T) is a
pair-breaking parameter, and the function A(w; — ®;) corre-
sponds to effective electron-electron interaction via phonon
exchange.®® The superconducting transition temperature can
be calculated as a solution of the equation p(T.) = 0, where p(T)
is defined as max(p) if 4(w) is not a zero function of w at a fixed
temperature. The above equations can be written in a matrix

form:>%%3
12
N
(T, = ZKmnlpn < p(7)
n=0
Yy
(10)
K Kin lﬁl
= I<ii X
KNl KNN l//N
where y, relates to 4(w,T) and K, is defined as:
Ky = Fm—n)+Fm+n+1)
(11)

= 2/1* — Omn

2m+ 1+ F(0)+2) F(l)
=1

with

Dmax azF(w)
o (ho?)+ (2r-kT - x)

F(x)=F(x,T)= ZJ Podo (12)

where d,,,, = 1 and J,,, = 0(n # m) is a unit matrix. The vanishing
of the maximum eigenvalue of the matrix K,,,, can now be used
to replace the criteria of p(T.) = 0 to find T.. The present
approach prevents the necessity of directly solving the system
of nonlinear integral equations, hence eliminating concerns
over the selection of an initial approximation to the solution
and the convergence of the algorithm. One of the drawbacks
associated with this particular approach is the potential

310 GPa||
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Fig. 5 Phonon dispersion of YSc,Hz4, decorated with phonon linewidths
which correspond to electron—phonon coupling strength, projected pho-
non densities of states, and Eliashberg spectral function at 310 GPa.
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Fig. 6 Eliashberg spectra function and cumulative i(w) at 310 and 325
GPa. The electron—phonon coupling strength of YScoH,4 decreases with
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Fig. 7 The superconducting gap of YSc,H»4 as a function of temperature

for two values of u*, at 310 GPa, the superconducting transition tempera-
ture locates where the gap becomes zero.

uncertainty, often within a range of +5 K. Additionally, it is
not feasible to determine the magnitude of the superconduct-
ing gap at 0 K using this method. Therefore, this approach is
appropriate for acquiring a reliable estimate of T, for subse-
quent computations using more computationally intensive
techniques.®* Nevertheless, we applied this simple method to
other known systems like YHg, LaH, o, YH;o, H3S, the results are
comparable to previous studies. Furthermore, the Sommerfeld
constant can also be obtained from:

- gnszzN(O)(l +) (13)
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Table1 Characteristic superconducting properties of P6/mmm YSc,H,4 computed for different values of the Coulomb pseudopotential u* at pressures

of 310 and 325 GPa

Parameter 310 GPa (u* = 0.1) 310 GPa (¢* = 0.16) 325 GPa (u* = 0.1) 325 GPa (u* = 0.16)
McMillan equation Ty'Ma" (k) 177.0 160.5 187.6 169.1
Allen-Dynes equation T2° (K) 263.9 221.3 266.5 224.0
Eliashberg equation 7Eashbers (k) 330 302 309 293

A 3.27 3.27 3.00 3.00
Wlog (K) 948.8 948.8 1043.0 1043.0
Sommerfeld constant (mJ mol ' K™ ?) 11.7 11.7 11.0 10.9
Superconducting gap (meV) 77.7 72.2 74.0 70.0
Characteristic ratio (24/kT.) 5.5 5.5 5.5 5.5
Specific heat jump/T. (mJ mol ™' K ?) 12.2 20.9 24.3 26.9
Upper critical field (T) 84.5 32.1 84.4 81.9

which was utilised to calculate the upper critical magnetic field
H,(0) and the specific heat jump AC:*

VTC2 T. : Wlog
=0.1681—-12.2 1 14
HZ(0) [ (wlog) ! 3T ()
AC(Ty) T. \, (@
=1.43|1+53 1 15
T N WDiog f 3T: ( )

The superconducting gap can also be estimated using a semi-
empirical equation,®® as long as it satisfied the condition
Tc/wl(,g < 0.25:

ZA(O) _ TC wlog
T, = 3.53[1 + 12,5(wlog) ln(2Tc (16)

With the obtained superconducting gap, we can see the change
as a function of temperature as shown in Fig. 7 using the
phenomenological formula:

T\*
A(T) = A(To)y/1 - (—) (17)
T c
where k = 3 in the framework of BCS theory.*® As can be seen from
Fig. 7, within the acceptable range of y* from 0.1 to 0.16, the
superconducting gap vanishes at temperatures exceeding room
temperature within the solution of the Eliashberg equation, which
is very encouraging. At higher pressures, 7. continues to maintain
high values, as in the case of 310 GPa. A summary of calculated
superconducting properties of YSc,H,, is shown in Table 1. The
C2/m phase of Y,Sc,H;, is dynamically stable, as evidenced by its
phonon dispersion, shown in Fig. S5 (ESIt). Similar to the cage-like
structure observed in YSc,H,,, this phase features Y@H15 and
Sc@H15 coordination environments. However, its band structure
reveals a significantly lower density of states (DOS) at the Fermi
level, measured at 6.9 states/spin/Ry/unit cell compared to 15.8 for
YSc,H,,. Additionally, the electron-phonon coupling (EPC) is
relatively weak, as detailed in Fig. S6 of the ESIL{ contributing to
a much lower superconducting transition temperature T of 7.4 K.

4. Conclusion

To summarize, we employed ab initio random structure searches
(AIRSS) in conjunction with Particle Swarm Optimization (PSO) to

17260 | J Mater. Chem. C, 2024,12,17254-17262

discover the new hexagonal and thermodynamically stable
phase YSc,H,, at high pressure. The new structure has a one-
of-a-kind hydrogen clathrate network made up of peculiar
Sc@H24 and Y@H30 cages. Intriguingly, phonon dispersion
and electron-phonon coupling calculations suggest a super-
conducting T. of up to 330 K at 310 GPa, which is higher than
ambient temperature. Our finding expands the diversity of
clathrate hydride structures and enriches the prospects for
near-higher room temperature superconductors, which can
help increase future theoretical and experimental research in
the field.

Data availability

The data supporting this article have been included as part of
the ESL

Conflicts of interest

The authors declare that they have no conflicts of interest.

Acknowledgements

We would like to express our appreciation to Prof. Ching-Ming
Wei at the Institute of Atomic and Molecular Sciences at
Academia Sinica in Taipei, Taiwan for generously providing
us with the computational resources needed to complete
this study.

Notes and references

1 N. W. Ashcroft, Phys. Rev. Lett., 1968, 21, 1748.

2 D. V. Semenok, I. A. Kruglov, I. A. Savkin, A. G. Kvashnin
and A. R. Oganov, Curr. Opin. Solid State Mater. Sci., 2020,
24, 100808.

3 D. Duan, Y. Liu, F. Tian, D. Li, X. Huang, Z. Zhao, H. Yu,
B. Liu, W. Tian and T. Cui, Sci. Rep., 2014, 4, 6968.

4 A. Drozdov, M. Eremets, I. Troyan, V. Ksenofontov and
S. I. Shylin, Nature, 2015, 525, 73-76.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc03145h

Published on 18 Setembar 2024. Downloaded on 06/12/2025 10:37:03.

Paper

5

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

M. Einaga, M. Sakata, T. Ishikawa, K. Shimizu,
M. L. Eremets, A. P. Drozdov, I. A. Troyan, N. Hirao and
Y. Ohishi, Nat. Phys., 2016, 12, 835-838.

S. Mozaffari, D. Sun, V. S. Minkov, A. P. Drozdov, D. Knyazev,
J. B. Betts, M. Einaga, K. Shimizu, M. I. Eremets and L. Balicas,
et al., Nat. Commun., 2019, 10, 2522.

D. Papaconstantopoulos, B. M. Klein, M. Mehl and
W. Pickett, Phys. Rev. B: Condens. Matter Mater. Phys.,
2015, 91, 184511.

1. Errea, M. Calandra, C. J. Pickard, J. R. Nelson, R. ]J. Needs,
Y. Li, H. Liu, Y. Zhang, Y. Ma and F. Mauri, Nature, 2016,
532, 81-84.

W. Kang, H.-J. Kim, E.-M. Choi, C. U. Jung and S.-I. Lee,
Science, 2001, 292, 1521-1523.

H. J. Choi, D. Roundy, H. Sun, M. L. Cohen and S. G. Louie,
Nature, 2002, 418, 758-760.

J. G. Bednorz and K. A. Miiller, Z. Phys. B: Condens. Matter,
1986, 64, 189-193.

K. Miiller, M. Takashige and J. Bednorz, Phys. Rev. Lett.,
1987, 58, 1143.

L. Gao, Y. Y. Xue, F. Chen, Q. Xiong, R. L. Meng, D. Ramirez,
C.W. Chu, J. H. Eggert and H. K. Mao, Phys. Rev. B: Condens.
Matter Mater. Phys., 1994, 50, 4260-4263.

I. A. Troyan, D. V. Semenok, A. G. Kvashnin, A. V. Sadakov,
O. A. Sobolevskiy, V. M. Pudalov, A. G. Ivanova,
V. B. Prakapenka, E. Greenberg and A. G. Gavriliuk, et al.,
Adv. Mater., 2021, 33, 2006832.

P. Kong, V. S. Minkov, M. A. Kuzovnikov, A. P. Drozdov,
S. P. Besedin, S. Mozaffari, L. Balicas, F. F. Balakirev,
V. B. Prakapenka and S. Chariton, et al.,, Nat. Commun.,
2021, 12, 5075.

P. Song, Z. Hou, P. B. de Castro, K. Nakano, Y. Takano,
R. Maezono and K. Hongo, Adv. Theory Simul, 2022,
5, 2100364.

P. Song, Z. Hou, P. B. D. Castro, K. Nakano, K. Hongo,
Y. Takano and R. Maezono, Chem. Mater., 2021, 33, 9501-9507.
C. Heil, S. Di Cataldo, G. B. Bachelet and L. Boeri, Phys. Rev.
B, 2019, 99, 220502.

D. V. Semenok, I. A. Troyan, A. G. Ivanova, A. G. Kvashnin,
L. A. Kruglov, M. Hanfland, A. V. Sadakov, O. A. Sobolevskiy,
K. S. Pervakov and L. S. Lyubutin, et al., Mater. Today, 2021, 48,
18-28.

B. Chen, L. J. Conway, W. Sun, X. Kuang, C. Lu and
A. Hermann, Phys. Rev. B, 2021, 103, 035131.

X. Dou, X. Kuang, W. Sun, G. Jiang, C. Lu and A. Hermann,
Phys. Rev. B, 2021, 104, 224510.

W. Sun, B. Chen, X. Li, F. Peng, A. Hermann and C. Lu, Phys.
Rev. B, 2023, 107, 214511.

S. Li, H. Wang, W. Sun, C. Lu and F. Peng, Phys. Rev. B, 2022,
105, 224107.

Y. Wang, J. Lv, L. Zhu and Y. Ma, Comput. Phys. Commun.,
2012, 183, 2063-2070.

H. Liu, I. I. Naumov, R. Hoffmann, N. Ashcroft and
R. J. Hemley, Proc. Natl. Acad. Sci. U. S. A., 2017, 114, 6990-6995.
F. Peng, Y. Sun, C. J. Pickard, R. J. Needs, Q. Wu and Y. Ma,
Phys. Rev. Lett., 2017, 119, 107001.

This journal is © The Royal Society of Chemistry 2024

27
28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49
50

51

52

View Article Online

Journal of Materials Chemistry C

C. J. Pickard and R. J. Needs, Nat. Phys., 2007, 3, 473-476.
Y. Akahama, H. Fujihisa and H. Kawamura, Phys. Rev. Lett.,
2005, 94, 195503.

J. Buhot, O. Moulding, T. Muramatsu, I. Osmond and
S. Friedemann, Phys. Rev. B, 2020, 102, 104508.

M. L. Evans and A. ]J. Morris, J. Open Source Software, 2020,
5, 2563.

S. P. Ong, W. D. Richards, A. Jain, G. Hautier, M. Kocher,
S. Cholia, D. Gunter, V. L. Chevrier, K. A. Persson and
G. Ceder, Comput. Mater. Sci., 2013, 68, 314-319.

C. J. Pickard and R. Needs, J. Phys.: Condens. Matter, 2011,
23, 053201.

P. Giannozzi, O. Baseggio, P. Bonfa, D. Brunato, R. Car,
I. Carnimeo, C. Cavazzoni, S. De Gironcoli, P. Delugas and
F. Ferrari Ruffino, et al., J. Chem. Phys., 2020, 152, 154105.
P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau,
M. B. Nardelli M. Calandra, R. Car, C. Cavazzoni,
D. Ceresoli and M. Cococcioni, et al., J. Phys.: Condens.
Matter, 2017, 29, 465901.

P. Hohenberg and W. Kohn, Phys. Rev., 1964, 136, B864.
W. Kohn and L. J. Sham, Phys. Rev., 1965, 140, A1133.

J. P. Perdew and W. Yue, Phys. Rev. B: Condens. Matter Mater.
Phys., 1986, 33, 8800.

J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865.

N. Marzari, D. Vanderbilt, A. De Vita and M. Payne, Phys.
Rev. Lett., 1999, 82, 3296.

S. Baroni, S. De Gironcoli, A. Dal Corso and P. Giannozzi,
Rev. Mod. Phys., 2001, 73, 515.

M. Wierzbowska, S. de Gironcoli and P. Giannozzi,
arXiv, 2005, preprint, cond-mat/0504077, DOI: 10.48550/
arXiv.cond-mat/0504077.

K. Lejaeghere, G. Bihlmayer, T. Bjorkman, P. Blaha,
S. Blugel, V. Blum, D. Caliste, I. E. Castelli, S. J. Clark and
A. Dal Corso, et al., Science, 2016, 351, aad3000.

D. V. Semenok, A. G. Kvashnin, A. G. Ivanova, V. Svitlyk,
V. Y. Fominski, A. V. Sadakov, O. A. Sobolevskiy,
V. M. Pudalov, L. A. Troyan and A. R. Oganov, Mater. Today,
2020, 33, 36-44.

M. Du, H. Song, Z. Zhang, D. Duan and T. Cui, Research,
2022, DOI: 10.34133/2022/9784309.

E. Zurek and T. Bi, J. Chem. Phys., 2019, 150, 050901.

X.-L. He, W. Zhao, Y. Xie, A. Hermann, R. J. Hemley, H. Liu
and Y. Ma, Proc. Natl Acad. Sci U. S A, 2024,
121, €2401840121.

T. Yamashita, H. Kino, K. Tsuda, T. Miyake and T. Oguchi,
Sci. Technol. Adv. Mater.: Methods, 2022, 2, 67-74.

H. Jeon, C. Wang, S. Liu, J. M. Bok, Y. Bang and J.-H. Cho,
New J. Phys., 2022, 24, 083048.

S. J. Grabowski, Molecules, 2020, 25, 3294.

X. Ye, N. Zarifi, E. Zurek, R. Hoffmann and N. Ashcroft,
J. Phys. Chem. C, 2018, 122, 6298-63009.

R. P. Ozerov, V. S. Kogan, G. S. Zhdanov and O. L. Kukhto,
Soviet Phys. Crystallogr., 1962, 6(1).

Y. Sun, J. Lv, Y. Xie, H. Liu and Y. Ma, Phys. Rev. Lett., 2019,
123, 097001.

J. Mater. Chem. C, 2024,12,17254-17262 | 17261


https://doi.org/10.48550/arXiv.cond-mat/0504077
https://doi.org/10.48550/arXiv.cond-mat/0504077
https://doi.org/10.34133/2022/9784309
https://doi.org/10.1039/d4tc03145h

Published on 18 Setembar 2024. Downloaded on 06/12/2025 10:37:03.

Journal of Materials Chemistry C

53 A. K. Verma, P. Modak, F. Schrodi, A. Aperis and
P. M. Oppeneer, Phys. Rev. B, 2021, 104, 174506.

54 Y. Quan, S. S. Ghosh and W. E. Pickett, Phys. Rev. B, 2019,
100, 184505.

55 G. Henkelman, A. Arnaldsson and H. Jonsson, Comput.
Mater. Sci., 2006, 36, 354-360.

56 Y. K. Wei, L. Q. Jia, Y. Y. Fang, L. J. Wang, Z. X. Qian,
J. N. Yuan, G. Selvaraj, G. F. Ji and D. Q. Wei, Int. J. Quantum
Chem., 2021, 121, €26459.

57 W. Sukmas, P. Tsuppayakorn-aek, U. Pinsook, R. Ahuja and
T. Bovornratanaraks, J. Alloys Compd., 2022, 901, 163524.

58 L.-T. Shi, J.-G. Si, R. Turnbull, A. Liang, P.-F. Liu and
B.-T. Wang, Phys. Rev. B, 2024, 109, 054512.

17262 | J. Mater. Chem. C, 2024,12,17254-17262

View Article Online

Paper

59 1. A. Kruglov, D. V. Semenok, H. Song, R. Szczesniak,
I. A. Wrona, R. Akashi, M. M. D. Esfahani, D. Duan, T. Cui
and A. G. Kvashnin, et al.,, Phys. Rev. B, 2020, 101,
024508.

60 P. B. Allen and R. Dynes, Phys. Rev. B: Solid State, 1975,
12, 905.

61 G. Eliashberg, Sov. Phys. JETP, 1960, 11, 696-702.

62 G. Bergmann and D. Rainer, Z. Phys., 1973, 263, 59-68.

63 P. B. Allen and B. Mitrovi¢, Solid State Phys., 1983, 37, 1-92.

64 E. R. Margine and F. Giustino, Phys. Rev. B: Condens. Matter
Mater. Phys., 2013, 87, 024505.

65 J. Carbotte, Rev. Mod. Phys., 1990, 62, 1027.

66 H. Eschrig, Theory of Superconductivity: A Primer, 2001.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc03145h



