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ABSTRACT: There has been a marked increase in interest in high-temperature
superconductors over the past few years, sparked by their potential to revolutionize
multiple fields, including energy generation and transportation. A particularly promising
avenue of exploration has emerged in the form of ternary superhydrides, compounds
composed of hydrogen along with two other rare-earth elements. Our investigation
focuses on the search for Y=Th—H ternary compounds; employing an evolutionary
search methodology complemented by electron—phonon calculations reveals a stable
superhydride, P6m2-YThH,, capable of exhibiting a critical temperature (T_) as high as
222 K at 200 GPa along a few low-T novel hydrides. Our analysis explores the possibility
of alloyed structure formation from the disordered condition of Th-doped YH, and
establishes that the P6m2-YThH,; is indeed a structurally ordered structure. This opens
up an exciting avenue for research on multinary superhydrides, which could facilitate
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experimental synthesis and provides potential implications for high-temperature superconductivity research.

B INTRODUCTION

Wigner and Huntington' theoretically predicted hydrogen to be
metallic above 400 GPa and exhibit superconductivity, but
such extreme pressures are experimentally unreachable even
today. In 2004, Ashcroft” argued that the incorporation of
other metallic elements into the hydrogen system could
significantly reduce the transition pressure. This realization
prompted investigations into the possibility of high-temper-
ature (high-T,) superconductivity in metal hydrides, leading to
the discovery of high-T. superconductors, H;S (T, ~ 203 K at
P =150 GPa),” YH,, (with T, > 300 K at P ~ 250 GPa)," and
LaH,, (T. ~ 280 K at P ~ 200 GPa).*”’” Note that these
discoveries were initially predicted using an evolutionary
algorithm coupled with ab initio enthalpy calculations, followed
by experimental confirmations.”*™® Recently, several binary
hydrides have actually synthesized,””°~"* which, in turn, have
sparked extensive theoretical works into nearly all possible
binary hydrides."*~"*

Recently, a promising avenue has emerged in the field of
hydride superconductors through the combination of binary
hydrides to form ternary hydrides for their potential to allow
for more prototypical superhydrides due to expanding
combinatorial space in ternary composition.'® This develop-
ment has led to the discovery of high-T. ternary hydrides,'”~**
some of which have the potential to exhibit higher T, values at

substantial increase in T, by 50—80 K, compared to binary
CeH,. This enhancement was attributed to the doping effect of
La within the Ce lattice, changing the electronic structure and
Fermi surface topology and therefore increasing T.. Similarly, it
has been found experimentally and theoretically that the (La,
Ce)Hy,, ternary hydrides are superior to their parent
binaries.”” Currently, significant efforts are being directed
toward discovering high-T, superconductivity in hydrides at
more moderate or ambient pressure conditions. In this vein,
recent trends, reporting superconducting temperatures above
100 K at pressures below 100 GPa, suggest that ternary
hydrides could offer a promising route to achieving this
goal.zo’27’35’36 Unlike the binary hydrides, however, an
exhaustive exploration of ternary (or more) hydrogen-rich
hydrides seem impossible because their exploration space gets
expanded combinatorially. Although the expanded space
increases the probability of finding novel high-T, hydrides, it
also becomes a bottleneck to screen potential thermodynami-
cally stable and high-T_ hydrides even for ternary phases. Thus,
the selection of two binaries for ternary candidates usually
relies on heuristic strategies: (i) thermodynamically stable and
potentially high-T, binary compounds®” and (ii) their
similarity in electronegativity and atomic size of metals in

lower P compared to their binary counterparts. For example, Received: ~August S, 2024
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binary hydrides.”®*” In this context, we have explored new
high-T_ superconductors within the Y—Th—H ternary hydrides
employing the genetic algorithm combined with ab initio
simulations. We discovered that a hydrogen-rich ternary P6m2-
YThH g, exhibits a high T, value of up to 222 K at 200 GPa,
alongside two low-T hydrides, which can be interpreted as a a
consequence of combining the recently synthesized P6;/mmc-
YH, (~243 at 201 K)'' and P6;/mmc-ThH, (146 K at 179
GPa)® systems.

Even if the selection of the two binary hydrides successfully
predict a high-T. ternary hydride candidate, (iii) the third issue
generally emerges for ternary (or more complex) hydrogen-
rich hydrides, i.e., the structural degree of freedom of two (or
more) different metal arrangements. It is widely recognized
that elements sharing similar properties such as atomic radii,
electronegativity, and electronic configuration typically exhibit
a higher propensity for disordered substitutional alloy
formation due to its hiﬁher configurational entropy.’*~* In
this vein, recent works" * suggest that multiple predicted
ternary phases could have more stable, disordered counter-
parts. This seems to hold even for our Y—Th—H systems
because Y and Th atoms have similar physical characteristics
(electronegativities of 1.3 and 1.22 on the Pauling scale,
respectively, and identical atomic radii of 1.80 A). This is
generally important in multicomgonent/high-entropy com-
pounds at higher temperatures.””** Even for multicomponent
compounds at higher temperatures, however, ordered
structures overcome disordered ones owing to their over-
whelming enthalpies arising from their interactions.”” The
present study investigates the order—disorder-competition in
the predicted high-T. ternary phase (P6m2-YThH,;), consid-
ering the configurational entropy in mixing the Y—H and Th—
H building blocks.

The paper begins with computational details explaining our
structure search, T, evaluations, and structural modeling for
investigating the order—disorder competition. The result
section exhibits the outcomes of new phases predicted by
the evolutionary algorithms, their convex-hull phase diagram
analysis taking into account configurational entropy effects,
superconducting properties, including the electron—phonon
interaction. We then discuss how the method/results can
provide a basis for predicting and investigating the super-
conducting property. Finally, we wrap up with the conclusion
and acknowledgment sections.

B COMPUTATIONAL DETAILS

This study aimed to investigate the existence of stable ternary
hydrides with the stoichiometry (YH,,) x(ThH,,)y, where x and y
are positive integers, and n = 4, 6, 9. Note that binary hydrides
involving Yttrium (YH,;, YH, YH,)'"'**° and Thorium
(ThH,, ThH,, ThH,,)”*"** have already demonstrated
excellent high-T, properties. This suggests a strong potential
for the formation of stable ternary hydrides through the
combination of Y and Th binary systems. Candidate structures
for the (YH,),(ThH,), stoichiometry were explored using the
variable-composition evolutionary algorithm implemented in
the USPEX (Universal Structure Predictor: Evolutionary
Xtallography)>*** software; the USPEX generated 400 random
structures for the given stoichiometry; the evolutionary
algorithm was applied to 100 randomly selected structures
from the 400 generated structures, and these structures were
allowed to evolve with 40% heredity, 40% randomness, 10%
soft mutation, and 10% transmutation in every subsequent

generation. The search was set to terminate after 20
generations if no new viable candidate structure was detected.

During the structural search, electronic total energies at a
given pressure were computed at the level of density functional
theory (DFT) with the GGA-PBE exchange-correlation
functional.” Applied pressures were greater than 100 GPa
up to 300 GPa, as both parent binaries are stabilized above 150
GPa. The calculations were conducted using the Vienna Ab-
initio Simulation Package (VASP)*® with projector augmented
wave (PAW)>” scheme. A plane-wave basis set cutoff energy of
600 eV was used, and the Brillouin zone was sampled with a k-
point resolution of 2z X 0.03 A™". Full geometry optimization
and enthalpy evaluation were performed for all candidate
structures at the GGA-PBE level of theory, resulting in the
convex-hull diagram used to obtain thermodynamically stable
structures. The criteria for the convergence of the self-
consistent field (SCF) and maximum force were set to 0.1
meV/atom. The structures were visualized using the VESTA 3
package.”® We performed first-principles phonon and
electron—phonon coupling (EPC) calculations as implemented
in the QUANTUM ESPRESSO (QE)*” package with a PAW
pseudopotential®” at the GGA-PBE level. An energy cutoff of
90 and 700 Ry were employed for wave function and charge
density, respectively. The g-point mesh in the Brillouin zone
was set to 4 X 4 X 4, and the k-point mesh for the integral of
the EPC constant and T, was set to 16 X 16 X 16.

We applied both (1) the McMillan®® and (2) the Allen-
Dynes (AD) modified McMillan formulas®’ to evaluate T. only
for phases predicted as being stable thermodynamically and

dynamically:
(1) The McMillan formula for the T, value is given as
wp, 1.04(1 + 4)
Té = exp| — *
1.45 A — @ (1 + 0624) (1)

where @y and p* are respectively the Debye frequency and
effective Coulomb pseudopotential that is taken as both 0.1
and 0.13 for hydrides. The electron—phonon coupling (EPC)
constant (4) is computed by

_ a’F(w)

where the electron—phonon spectral function, a*F(w), is given

as
2 1 yqy
@) = ———— ¥ §(w — wy)—2-
27[N(8F) qzy 1 flwqb (3)

where N(éep) represents the density of states at the Fermi level,
while yg, represents the phonon line width, @,, is the phonon
frequency for wave vector q and mode v, and 7 is the reduced

Planck’s constant.
(2) The AD modified McMillan formulas is given as
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Table 1. Two Computed T, Values at Certain Pressures for Newly Predicted Phases, along with Relevant Parameters
(Electron—Phonon Coupling Constant, 4, Logarithmic Average Frequency, @, and Root Mean Squared Phonon Frequency
@,)"

T.(McM) T.(AD)
System P [GPa] y) @, Wy [K] wu* (0.1-0.13) w* (0.1-0.13)
P6m2-YThH, g 200 2.54 27.84 1041.5 173—164 222-205
P4/mmm-YThHg 200 0.50 39.97 1351.4 16-10 17-10
P4/mmm-YThHg 300 0.41 43.53 1317.4 6-3 6-3
14/mmm-Y,ThH,, 200 0.60 37.42 1169.4 26—18 27-19
14/mmm-Y,ThH,, 300 0.49 42.87 1356.8 16—9 16—10

“McM and AD stand for McMillan and AD-modified McMillan formulas, respectively. For each formula, the listed T, values, separated by a dash,

correspond to u* = 0.10—0.13.
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Figure 1. Ternary convex hull diagram of the Y=Th—H system at 200 and 300 GPa obtained using Pymatgen’s phase analysis module.”> Only the
stable phases are shown. Black lines connecting the ternaries indicate the shortest synthesis pathways. Out of three stable compositions YThHj,
Y,ThH,,, and YThH,; was observed at 200 GPa; the YThH,; phase disappeared at 300 GPa.
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where f; and f, are 4/u*/w,,,/®,-dependent parameters; the
logarithmic average frequency (@),) and the mean square
frequency (@,) are expressed in terms of phonon frequency
(@)

2
Wyog = exp(% /In(a))%(w) dw] )

1/2
@, = (% /azF(w)w dw) ©

The present study focuses on the order—disorder competi-
tion which arises from the structural degree of freedom for
atomic arrangements beyond the binary. To investigate this, a
cost-effective structural modeling is critical. To construct the
disordered solid solution structure of Y, Th,_ H,, we employed
the special quasi-random structures (SQS) method, as
implemented in the sqsgen tool.”” This method optimizes
the Warren-Cowley short-range-order (WC-SRO) parame-
ters®”®* to ensure a random distribution of Y and Th atoms

within the lattice, identifying an optimal disordered config-
uration. To accommodate the random occupation of Y and Th
atoms across 16 lattice sites, we extended the standard unit cell
of one of the parent structures (P6,/mmc-YH,) to a2 X 2 X 2
supercell, equivalent to 16 Y,Th,_ H, formula units. With
increasing temperature (T), the configurational entropy of
mixing (S.ony) can lower the Gibbs free energy (G) as
described by G = H — TS+ Equal molar ratios of atoms Y
and Th in YThH,; configuration suggests the maximum
configuration entropy in its disordered form, which can be
understood from the following relation

Seont X kg In(W)
= —R(ilni + -+ ilnl)
N N N N
=RInN (7)

where W represents the degree of disorder, kg is the Boltzmann
constant, and R and N are the gas constant and number of
elements (N = 2 for Y and Th elements) leading to a
disordered phase, respectively.

B RESULTS

Our newly predicted stable structures for Y=Th—H ternary
hydrides and their superconducting properties are given in
Figure 2 and in Table 1, respectively. Our key findings reveal
three stable structures at P = 200 GPa: (1) P4/mmm-YThHg,
(2) I4/mmm-Y,ThH,,, and (3) P6m2-YThH,5. Among these,
the P6m2-phase is a high-T. hydride, exhibiting a transition
temperature as high as 222 K at 200 GPa. While P4/mmm-
YThH, and I4/mmm-Y,ThH;, remain stable up to 300 GPa,
they show low superconductivity (below 30 K). Therefore, the

https://doi.org/10.1021/acsomega.4c07199
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14/mmm-Y,ThH,,

Figure 2. Predicted stable hydrides. P4/mmm-YThHg and I4/mmm-Y,ThH,, share H,g cages, while P6m2-YThH s demonstrates H,, cages.

subsequent discussion will primarily focus on the promising
high-T, P6m2-YThH.

Structure prediction and order—disorder competi-
tion. Y—H- and Th—H-based binary hydrides, YH, and ThH,
(where x takes on values of 3, 4, 6, or 9), have already been
investigated, some of which exhibit high T. around P ~ 200
GPa. Building on these compounds, we explored various
combinations of binaries to form the ternary system Y—Th—H,
specifically (YH,),(ThH,),, (YH;),(ThHg),, and
(YH,),(ThH,),. The structural stability can be attributed to
the dopant element having similar atomic radii and electronic
properties, which indicates the stability of the structure against
decomposition. Notably, the atomic radii and electronegativity
of both elements (Y and Th) are closely matched, providing a
strong motivation for our evolutionary search for Y—Th—H
systems at pressures ranging from 100 to 300 GPa.

Once we generated novel structures using an evolutionary
algorithm for the Y—Th—H chemical system, it was essential to
assess their phase stability. Determining the phase stability of
ternary hydride involves comparing its energy to that of
competing phases. To achieve this, we looked into all the low-
energy phases into which the Y—Th—H hydrides could
potentially decompose, in addition to their binary (YH,,
ThH,) and/or elemental constituents (Y, Th, H). To
determine the most stable phases in the system, we employed
ternary convex hull phase diagram analysis, the results of which
are presented in Figure 1. Evidently, at 100 GPa, no stable
phases were identified. However, at 200 GPa, the phase
diagram analysis revealed three energetically stable structures:
P6m2-YThH,,, P4/mmm-Y,ThH,,, and I4/mmm-YThH.
Lattice parameters of all the obtained hydride phases have
been summarized in Supporting Information (Table S1). Upon
increasing the pressure to 300 GPa, the P6m2-YThH g phase
disappeared from the convex hull diagram. The stable phases
exhibit deep hull energies, exceeding —0.53 eV/atom relative
to their elemental constituents. This signifies their thermody-

namic stability; nevertheless, we can not exclude the possibility
of these being disordered alloy structures or metastable phases.

The YThH;; composition, characterized by a higher
hydrogen content composed of H,q cage structures, as
shown in Figure 2, indicates its potential as a high-temperature
superconductor candidate. Moreover, it is important to
consider that this predicted stable structure may undergo
phase decomposition with varying pressure. In this line, we
analyzed its enthalpies with respect to highly competitive
ternary/binary phases identified in our convex hull analysis
across a pressure range from 100 to 300 GPa, as depicted in
Figure 3. Our aim here is to identify the pressure-dependent
phase stability for the highest hydrogen-rich compound against
phase transition. There are two critical points corresponding to
a stability window ranging from 132 to 222 GPa, suggesting
decomposition of P6m2-YThH,4 into binary hydrides: (1) at

132 GPa, P6m2-YThH,; — %P63/mmc-YH9 + %P63/mmc-

T T T T T T
40F -m-m-m-B- 52 P63/mmc-YHo +Im3m-YHe + Fm3m-ThHy, ]
—_ - P6_3/mmc-YH9-ThHg
g —e- P6M2-YThHig
= 30F -w- PAmM2-YThHyg ]
=
> PMN2;-YThH;g
o
g
— 20 4
2
s o 2 4
<= _y--¥ ¥
= 10 v T e
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Figure 3. Relative enthalpy of the P6m2-YThH, phase compared to
other competing phases. Labels in the figure denote the compounds
contributing toward total enthalpy. This figure underscores the phase
stability against decomposition under different pressure conditions.
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ThH,, (2) at 222 GPa, P6m2-YThH,; — §P63/mmc-Y2H18 +
67—0Im§m-YH6 + ;—;Fmgm-ThHlo. We anticipate that this

hydrogen-rich clathrate hydride could exhibit higher critical
temperatures (T.) due to high-frequency phonon modes
mediated by hydrogen and the strong electron—phonon
coupling.***®” The YThH,s phase in the P6m2 symmetry
exhibits a hydrogen-to-metal ratio of 9:1, aligning with the
expectations of being a promising high-T. candidate.

The predicted structure can be thought of as a derived
structure resulting from one of its parent binaries, for example,
Th-substitution on the site of Y in YH, binary hydride. Given
these observations, we analyzed the possibility that P6m2-
YThH,g could be an alloy structure, potentially existing in a
disordered form of Th-doped YH, To investigate this
phenomenon, we analyzed the stability of the ordered phase
compared to the disordered structure. We carried out research
on the relative stability between the disordered solid solution
and the ordered structure in the case of Y,Th, H, To
accomplish this, Gibbs free energy has been calculated in a
range of temperatures to account for the increasing
configuration entropy (S..,e). One can note that the Gibbs
free energy follows a decreasing linear trend with temperature
given in Figure 4. According to S_,¢ values computed from eq

T T T ™
’;‘ 3 k\ = = ordered structure R
~

o i S transition temp: 2013.35 K
S 101k N . P e
> L \\ = = disordered structure
©, ~
> ~
&0 SRR 4
Q \\
8 100 ~ ]
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(3] \\
= F ~
== L o
2 991 S~
=} r ~
G L ~

N
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Temperature [K]

Figure 4. We depict the change in Gibbs free energy with
configurational entropy of both the ordered and disordered structures

as temperature increases. The vertical black-dotted line represents the
transition temperature from the ordered to the disordered structure.

7 for both ordered and disordered structures, our analysis
reveals that the ordered form of the structure P6m2-YThH,q
remains stable up to a temperature of 2013 K compared to the
disordered structure as demonstrated in Figure 4.

Dynamic stability and Superconductivity. Before
delving into the prediction of superconductivity in a
compound, it is important to analyze both its dynamic and
thermodynamic stability. Thermodynamic stability pertains to
the structural stability in the equilibrium configuration of
atoms. At the same time, dynamical stability deals with the
resilience of a crystal structure when subjected to small atomic
vibrations or perturbations. To assess lattice stability under
phonon vibrations, we conducted EPC calculations for all the
stable hydrides, as depicted in the phonon dispersion relation
in Figure 5 and Figure S2, at both 200 and 300 GPa. A
consistent trend emerged across all hydrides, where phonon
modes could be categorized into two distinct groups: low-
frequency modes associated with Th and Y atoms and high-
frequency modes composed mainly of H atoms. This
observation aligns with the fact that Th and Y are significantly
heavier atoms than H, resulting in phonon modes extending up

to 8 THz, while H exhibits high-frequency modes ranging from
10 THz to 60 THz.

Specifically, for P6m2-YThH s, the logarithmic frequency
(@yog) and the EPC parameter (1) are 1041.48 K and 2.54,
respectively (Figure S and Table 1). Notably, the 4 value is
relatively higher than the reported value for P6;/mmc-ThH,,
which was 1.73 at 150 GPa.” Similarly, the 4 value is quite high
for the P6;/mmc-YH, case,” reaching 4.42 at 150 GPa. It is
essential to note that these A values may decrease at higher
pressures due to phonon hardening.>’ The 1 value of 2.54 for
P6m2-YThH, 4, formed from the combination of the two binary
hydrides (ThH, and YH,), is reasonable when considering the
pressure difference (150 GPa for binaries and 200 GPa for the
ternary compound) and the synergistic effect resulting from
the combination. The remaining predicted hydrides, specifi-
cally P4/mmm-YThHg and I4/mmm-Y,ThH,,, at both 200 and
300 GPa, exhibit relatively low A values, peaking at 0.6 in most
cases. The relatively higher 4 value for the YThH g structure,
compared to other predicted Y—=Th—H compositions can be
primarily attributed to a significant contribution of H-modes.
This is evident from the Eliashberg spectral function (a’F(w)),
as shown in Figure S.

We computed the critical temperature (T,) using both the
McMillan formalism (1) and the AD-modified McMillan
formula (4), and the results are summarized in Table 1.
Typically, a Coulomb pseudopotential (4*) ranging from 0.1
to 0.13 is selected for such calculations. As listed in Table 1 the
calculation for T, has been performed on both values. In light
of these considerations, we can conclude that YThHg and
Y,ThH,, represent low-T, hydrides, with typical T, values of
16 and 26 K at 200 GPa, decreasing by 10 K as the pressure is
raised to 300 GPa. In contrast, P6m2-YThH,; demonstrates a
significantly high T, of 222 K when evaluated using the AD
formalism, but this value reduces to 173 K when calculated
using McMillan’s formula. This observation positions YThH g
among the ternary superhydrides capable of achieving T,
values exceeding 200 K at pressures not exceeding 200 GPa.

B DISCUSSION

The reliability of our genetic algorithm, which is based on the
USPEX structure search method to predict structures for the
Y—Th—H ternary composition can be assessed by comparing it
to recent experimental synthesis efforts guided by structure
predictions for Y=H'* and Th—H” binary hydrides. This study
assesses phase stability by examining their potential decom-
position into various low-order compositions, in addition to
evaluating large hull energies and a wide range of pressure
stability. These factors collectively increase the likelihood of
guiding successful experimental synthesis. It is important to
note that the approximations made in predicting critical
temperatures (T.) using the BCS theory-based Eliashberg
models (both AD and McMillan formulations) arise from the
harmonic approximation. Moreover, a prior prediction51 using
the harmonic approximation with the AD formalism showed
good agreement with the synthesis results.”

To gain further insights into the high-T. compounds, it is
crucial to quantify the density of states (DOS) derived from
hydrogen (H) near the Fermi level, which is a highly sought-
after key characteristic of high-T. hydride compounds.” As
illustrated in Figure 6 and Figure S (also in Figure S1), it is
evident that YThH g exhibits the highest H-derived DOS
among the compositions considered. This structure also
dominates the highest relative DOS attributed to the H
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Figure 5. Phonon dispersion, projected phonon density of states (PHDOS), and Eliashberg spectral function &*F(w) associated with the electron—
phonon integral (4(@)) for all the stable compounds. No imaginary modes suggest that all the structures, in addition to their thermodynamic

stability are dynamically stable.

element, whereas the other two low-T hydrides exhibit a lower
H contribution. Apart from the H-derived DOS, the relative
hydrogen content in hydride compounds, strongly correlates
with superconductivity. For example, in their analysis of over
500 compounds, Wrona et al.*® found that a lower ratio of the
mass of metal atoms to the mass of all hydrogen atoms is a
strong predictor of high-T. compounds. Additionally, our
analysis of bonding information reveals that the H—H bond
lengths exceed 1.06 A (for reference, a H, molecule has a bond
length of approximately 0.74 A), which is larger than the H—H
distance of 0.98 A in the high-pressure monatomic phase of
metallic hydrogen.”” This suggests the dissociation of H—H
molecular bonds. The electron localization function (ELF)
values correspond to the lowest H-—H bond midpoint
exhibiting the highest value of 0.75, indicating that the
predicted hydrides imply the presence of weak covalent bonds.
It can be seen from Figure 7 that the ELF reduces with
increasing bond separation (H—H bonding). Nevertheless, a
significant amount of ELF remains at interstitial sites, which,
according to chemical template theory,” helps explain the
stability of hydride compounds. This stabilization favors the
formation of an H-sublattice over H, units in the presence of
metallic sublattices. Further, Bader charge analysis shows that
each Y and Th atom loses 1.48 and 1.5 electrons to H atoms,

49475

resulting in an average of 0.33 electrons to every H—H bond in
the YThH,g phase. Additionally, rare earth (RE) elements Y
and Th can exhibit oxidation states of +1, +2, and +3 and +1, +
2, + 3, and +4, respectively, which can readily allow for
electron donation to the H-sublattice. The electrons acquired
by the H—H bonds lead to increased H-derived DOS, which
are located in the antibonding ¢*-orbitals since the bonding o-
orbitals, which have lower energies, are already occupied.”"”*
These properties collectively help stabilize the structure and
lend an explanation as to why our predicted phase (P6m2-
YThH,g) can allow for the existence of such a high T.
superconducting property.

In experiments, the use of Y—Th alloy as a precursor for the
synthesis of Y=Th—H hydrides under high-temperature and
high-pressure conditions can facilitate the formation of
disordered alloyed ternary hydrides by readily overcoming
the energy barrier posed by the enthalpy of formation.” A
recent investigation into the La—Th—H-based ternary hydrides
by Song et al.* demonstrated the possibility of disordered
alloy structure formation. This study also suggests that the
ordered compositions at ambient conditions gradually stabilize
into disordered phases with increasing temperature due to an
increase in the configurational entropy of mixing.”> Along the
same line of reasoning, our study involves the calculation of
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Figure 6. H-derived DOS comparison with different hydrides. The
superconducting transition temperature T, agrees with the observed
trend in H-dos.

configurational entropy to predict the transition temperature
for stable ordered ternary hydride to disordered alloy
composition. The results indicate that the P6m2-YThH,g
remains an ordered structure up to a high temperature of
over 2000 K. In addition, considering previous studies, where
Y-based hydrides” generally yield higher T. than those of La-
based,*® further highlights the significance of this research. In
the end, we propose that the experimental synthesis of P6m2-
YThH g can be realized through a usual approach utilizing a
diamond anvil cell to produce pressurized hydrides. An alloy of
rare-earth metals (Y, Th in the present study) forming the
predicted ternary hydrides with NH;BH; as a hydrogen source
can be used as precursors. Samples prepared from these can
then be loaded into the diamond anvil cell, applying the
required pressure, followed by the application of high
temperatures up to several hundred degrees Celsius or higher
using resistive heating or laser heating. This allows the starting
sample to undergo chemical reactions and structural trans-
formations leading to the formation of ternary hydrides. Such

synthesis method has been successfully utilized for several
recently discovered superconducting hydrides.*****%**

B CONCLUSION

Our work explores Y—Th—H-based ternary hydrides, a
promising avenue for high-temperature superconductivity. By
exploiting the chemical similarities of Yttrium and Thorium,
and the fact that Y—H and Th—H-based parent binaries have
already been synthesized, we identified a novel YThH,
superhydride in the P6m2 phase using a combined evolu-
tionary algorithm and electron—phonon calculations. This
material exhibits an impressive critical temperature (T.) of 222
K at 200 GPa, exceeding many known binary hydride
superconductors.”® Additionally, analysis suggests the ordered
structure of P6m2-YThH 4 remains stable up to around 2000
K. These findings pave the way for future experimental efforts
to synthesize and explore these novel high-temperature
superconductors.
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