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Recent studies have shown that the La- and Y-hydrides can exhibit significant superconducting properties under high
pressures. In this paper, we investigate the stability, electronic and superconducting properties of LaYH, (x = 2, 3, 6 and
8) under 0-200 GPa. It is found that LaYH, stabilizes in the C2/m phase at ambient pressure, and transforms to the
Pmmn phase at 67 GPa. LaYH; stabilizes in the C2/m phase at ambient pressure, and undergoes phase transitions of
C2/m — P2y /m — R3m at 12 GPa and 87 GPa, respectively. LaYHj stabilizes in the P432;2 phase at ambient pressure,
and undergoes phase transitions of P432;2 — P4/mmm — Cmcm at 28 GPa and 79 GPa, respectively. LaYHjy stabilizes in
the Imma phase at 60 GPa and transforms to the P4/mmm phase at 117 GPa. Calculations of the electronic band structures
show that the P4/mmm-LaYHg and all phases of LaYH, and LaYHj3 exhibit metallic character. For the metallic phases,
we then study their superconducting properties. The calculated superconducting transition temperatures (7;) are 0.47 K for
C2/m-LaYH, at 0 GPa, 0 K for C2/m-LaYHj3 at 0 GPa, and 55.51 K for P4/mmm-LaYHg at 50 GPa.

Keywords: superconductivity, high pressure, first-principles study, phase transitions

PACS: 74.70.-b, 62.50.—p, 63.20.dk, 87.15.Zg

1. Introduction

Superconducting materials are of great interest due to the
economic value they can bring to various applications. Ac-
cording to the BCS theory,!'! metallic hydrogen is consid-
ered as a potential high-temperature (7;) superconductor. Re-
searchers proposed through theoretical calculations that metal-
lic hydrogen can be obtained at a pressure of 495 GPa.!?] How-
ever, the exceptionally high-pressure requirement limits the
experimental synthesis of metallic hydrogen. Ashcroft pre-
dicted that hydrogen-rich compounds can reach metallic state
at much lower pressures due to the effect of chemical “pre-
compression”.[3 Ashcroft’s theory was supported by subse-
quent findings of superconducting hydrides. [+~

So far, researchers have studied binary hydrides thor-
oughly and found many superconducting hydrides with 7; up
to 200 K,*7! such as CaHg, ¥ LaH,([*! and YHg.[!7] They ex-
hibit common features: hydrogen atoms are weakly covalently
bonded to each other to form a hydrogen cage and the structure
is highly symmetric. The strong electron—phonon coupling of
the H-cage contributes to the high 7; values, but at the same
time it has higher pressure demands. Based on an applica-
tion perspective, research should focus on how to find super-
hydrides at moderate pressures. Chen proposed that metal ele-
ments with similar atomic radii and electronegativity can form

a continuous and homogeneous solid solution, which is benefi-
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cial to improving the stability and superconducting properties

U1 For example, cP8-ScYHg is composed of

of the materials.
Sc and Y atoms with similar atomic radii and electronegativity,
whose synthesis pathway is via ScH3 and YHj3. It is dynam-
ically stable at 0.01 GPa with a T of about 23 K.['?] While
ScHj3 was identified with 7. of about 18.5 K at 131 GPa in
experiment!'3! and YH3 was predicted with the maximal 7, of
about 40 K at 17.7 GPa.l'"¥ (La, Y)H¢ and (La, Y)H;(, with
T: values of 237 K and 253 K, respectively, were synthesized
at 170196 GPa.!'>! Notably, according to previous studies,
LaHg was not thermodynamically stable at high pressures, ']
and YH;( was not successfully synthesized at high pressures
at least up to 400 GPa.[!7]

According to previous studies,'®! when the hydrogen
content decreases, the stabilizing pressures of the La-H and Y-
H phases are reduced considerably, and they can even remain
stable at ambient pressure. Meanwhile, the superconducting
transition temperature decreases. For example, LaH, '8 can
be stable at ambient pressure but exhibits no superconduc-
tivity. In this paper, we select the La—Y-H system with a
low hydrogen content and hope these ternary alloy hydrides
could perform better superconducting properties under low
pressures. We perform structure searches for LaYH;, LaYH3,
LaYHg, and LaYHg in the range of 0-200 GPa and finally find
two stable phases for LaYH, (C2/m and Pmmn), and three
stable/metastable phases for LaYHs (C2/m, P2;/m and R3m),
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LaYHg (P432,2, P4/mmm and Cmcm) and LaYHg (P1, Imma
and P4/mmm). Finally, the electronic properties and super-

conductivity of the metallic phase are studied.

2. Computational details

Searches for stable structures of LaYH, (x = 2, 3,
6, 8) with 1-4 formula units in simulation models are
performed using the particle swarm optimization method-
ology as implemented the CALYPSO crystal prediction
method.'>?0] The plane-wave basis projector-augmented-
wave (PAW) method!?!! in the framework of density func-
tional theory (DFT) as implemented in the Vienna Ab initio
Simulation Package (VASP)[??! is used to perform structural
relaxation and electronic property calculations. The Perdew—
Burke—Ernzerh (PBE)[?3! of the generalized gradient approx-
imation (GGA) is adopted as the exchange—correlation gen-
eralized function between the electrons and the 5s>5p®5d! 652
of La, 4524p64d15s2 of Y and 1s! of H are treated as valence
electrons for the PAW pseudopotentials. The phonon spectra,
electron—phonon coupling parameters and superconducting
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transition temperatures are calculated using the QUANTUM-
ESPRESSO package. >

3. Results and discussion
3.1. Phase stability

The pressure dependent formation enthalpies for each
structure of LaYH, (x =2, 3, 6 and 8) are plotted in Fig. 1.
The thermodynamic stability is determined by their decompo-
sitions with respect to LaH,, 18] LaHg,[ZS] YH,, 23 YH3,[16]
La,?0l H,[?71 and Y,1?$%] respectively. As shown in Fig. 1,
LaYH; stabilizes in the C2/m phase at 40 GPa and transforms
to the Pmmn phase at 67 GPa. For LaYHj3, the C2/m phase
stabilizes at ambient pressure and transforms to the P2;/m
phase at 12 GPa. As pressure further increases, the P2y /m
phase transforms to the R3m phase at 87 GPa. For LaYHg, the
P432,2 phase stabilizes at ambient pressure and transforms to
the P4/mmm phase at 28 GPa, and then to the Cmcm phase at
79 GPa. For LaYHg, the Imma phase stabilizes at 60 GPa and
transforms to the P4/mmm phase at 117 GPa. All the stable
compounds remain stable up to at least 200 GPa.
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Fig. 1. Pressure dependence of formation enthalpy of (a) LaYH,, (b) LaYH3s, (c) LaYHg and (d) LaYHg. The inset of (a) shows the pressure
dependent formation enthalpy for C2/m-LaYH, and Pmmn-LaYH, under 25-100 GPa.

In addition, we have calculated the phonon dispersion
curves of each phase of LaYH,, LaYH3, LaYHg and LaYHg to
determine their dynamical stability. As shown in Fig. 2, there
are no imaginary frequencies in the phonon dispersion curves

of all the structures at certain pressures, indicating that they

are dynamically stable. Notably, the C2/m-LaYH, and P1-
LaYHg which have positive formation enthalpies (thermody-
namically unstable) at ambient pressure are dynamically sta-
ble, which means that they are possible to keep metastable at

ambient pressure.
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Fig. 2. Phonon dispersion curves of different phases at certain pressures.

3.2. Crystal structure and chemical bonding

The crystal structures for each phase of LaYH,, LaYH3s,
LaYHg and LaYHg are shown in Fig. 3. For LaYH,, the C2/m
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Fig. 3. The predicted crystal structures of ternary hydrides under pressure:
(a) C2/m-LaYH; at 0 GPa, (b) Pmmn-LaYH, at 200 GPa, (c) C2/m-LaYH3 at
0 GPa, (d) P2;/m-LaYH3 at 150 GPa, (e) R3m-LaYHj3 at 50 GPa, (f) Cmcm-
LaYHg at 0 GPa, (g) P432,2-LaYHg at 50 GPa, (h) P4/mmm-LaYHe at
100 GPa, (i) Imma-LaYHg at 100 GPa, (j) P4/mmm-LaYHg at 200 GPa, and
(k) P1-LaYHg at 0 GPa. Green, yellow and pink balls represent La, Y and H
atoms, respectively.

phase has a monoclinic symmetry in which the Y atom is sur-
rounded by six H atoms, forming a YHg unit. YHg unit ex-
tends in a direction perpendicular to the c-axis, and La atoms
connect the different layers of YHg. The Pmmn phase has an
orthorhombic symmetry in which each La atom is attached to
one H atom and each Y atom is connected to four H atoms,
forming YHy units. The shortest H-H distances are 2.58 A at
ambient pressure and 1.63 A at 200 GPa in C2/m- and Pmmn-
LaYH;, which are much longer than the H-H bond length in
the Hy molecule.!?”! In the C2/m phase of LaYH3, each La
and Y atom is surrounded by six H atoms, forming LaHg and
YHg units, which distribute in a stacking pattern along the di-
rection perpendicular to the (001) crystal plane. In the P2;/m
phase with monoclinic symmetry, each La and Y atom forms
LaHs and YHj5 units with five H atoms. In the R3m phase with
tripartite symmetry, each La atom forms LaH, unit with four
H atoms, and the Y atoms form YHg and YHj3 units with six
and three H atoms, respectively. The shortest H-H distances
for C2/m, P21 /m, and R3m phases are 2.42 A at ambient pres-
sure, 2.11 A at 50 GPa, and 1.57 A at 150 GPa, respectively.
For LaYHg, the P432,2 phase has a tetragonal symme-
try in which La and Y atoms are surrounded by 11 and 10 H
atoms, respectively, forming LaH;; and YHjo units. These
units are connected by a shared H atom. The P4 /mmm phase
is a body-centered tetragonal structure. La and Y atoms are
surrounded by 12 H atoms to form YH;, and LaH;, units,
which are stacked along the c-axis. The Cmcm phase has an
orthorhombic symmetry in which La and Y atoms are sur-
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rounded by 10 H atoms to form YH;¢ and LaH¢ units. The
shortest H-H distances for the P432,2, P4/mmm, and Cmcm
phases are 2.20 A at ambient pressure, 2.03 A at 50 GPa, and
1.62 A at 100 GPa, respectively. For LaYHg, the shortest H-
H distances are 0.78 A in the P1 phase at ambient pressure,
and 0.89 A in the Imma phase at 100 GPa, and 1.45 A in the
P4 /mmm phase at 200 GPa, respectively. The above results
indicate that as the hydrogen content increases in the La—Y-H
system, the shortest H-H distances decrease and the covalent
H-H interactions form.

The electron localization functions (ELFs) for each struc-
ture of LaYH,, LaYH3, LaYHg, and LaYHg are shown in
Fig. 4. The calculated ELF values between the H atoms are
less than 0.5 in all structures of LaYH,, LaYH3 and LaYHg,
revealing no covalent interactions between the H atoms. For
LaYHyg, there is strong electronic localization with ELF values
close to 1 between some of the hydrogen atoms in the P1 and
Imma phases. The P4/mmm phase contains weakly covalent
hydrogen atoms (ELF value of approximately 0.6) and isolated
hydrogen ions. Bader charge analyses3°! show that there is a
large amount of charge transfer from La and Y atoms to H
atoms.

Fig. 4. The electronic localization function of (a) C2/m-LaYH,; at 0 GPa,
(b) Pmmn-LaYH, at 200 GPa, (c) C2/m-LaYH; at 0 GPa, (d) P2;/m-
LaYHj3 at 150 GPa, (e) R3m-LaYH3 at 50 GPa, (f) Cmem-LaYHg at 0 GPa,
(g) P43212-LaYHg at 50 GPa, (h) P4/mmm-LaYHg at 100 GPa, (i) Imma-
LaYHg at 100 GPa, (j) P4/mmm-LaYHg at 200 GPa, and (k) P1-LaYHg at
0 GPa.

3.3. Electronic properties

To analyze the electronic properties, the electronic band
structure and density of states (DOS) are calculated. As dis-
played in Fig. 5, all of the stable phases of LaYH, and LaYH3
have bands crossing the Fermi level, indicating that these
phases are metallic. The states at the Fermi level of each phase
are dominated by the metal atoms La and Y, and the contri-
bution from H atoms is negligible. This situation resembles

LaH, and YH,.[*!! This violates one of the essential criteria in
searching of high-T;. superconducting hydride: a large value of
H-derived DOS at the Fermi level,??! which is always associ-
ated with a strong electron—phonon interaction. Therefore, it is
unfavorable for the superconductivity of LaYH, and LaYH3.
The same situation also occurs in LayNoH, 33! where the elec-
tronic density of states at the Fermi level is dominated by La
and N, exhibiting metallicity but with 7; values less than 1 K.
For LaYHg, the P432,2 phase is a semiconductor with a
direct band gap of 1.49 eV at 0 GPa. The Cmcm and P4/mmm
phases are both weakly metallic with small DOS values at the
Fermi level at 50 GPa and 100 GPa, respectively. For LaYHjs,
the P1 phase (metastable) is also a semiconductor with a direct
band gap of 0.91 eV at 0 GPa. The Imma and P4 /mmm phases
are metallic at 100 GPa and 150 GPa, respectively. In contrast
to the other phases in the La—Y-H system, P4 /mmm-LaYHg
has a relatively large value of H-derived DOS at the Fermi
level, suggesting that it may be a potential superconductor.

3.4. Superconductivity

Considering the metallic nature of LaYH,, LaYH3 and
LaYHsg, we further calculate their electron—phonon coupling
parameters to estimate the superconducting temperature 7. by
using the Allen—Dynes modified McMillan equation.?*! The
electron—phonon coupling constant A and the logarithmic av-
erage frequency @y, are two important parameters that de-
termine the 7. value. As shown in Table 1, both LaYH,
and LaYH3; have weak electron—phonon coupling and low
values of @yog, Which therefore lead to low superconducting
transition temperatures. The T; values of C2/m-LaYH, and
C2/m-LaYHj; at ambient pressure are less than 1 K. And the
Pmmn-LaYH,, R3m-LaYH; and P2;/m-LaYHj3 have T val-
ues of 1.57 K, 3.64 K and 5.22 K at 100 GPa, 150 GPa, and
50 GPa, respectively. For LaYHg, the values of A and ®jog
of the P4/mmm phase are significantly elevated, resulting in
a T; value of 55.51 K at 50 GPa. To further analyze the su-
perconducting mechanism of P4/mmm-LaYHg, we plot the
frequency dependence of A and the Eliashberg spectral func-
tions a>F (@) corresponding to the projected phonon density
of states in Fig. 6. It is shown that the vibration of H atoms
which occupy the high-frequency region above 15 THz con-
tribute mainly (80% at 50 GPa and 73% at 200 GPa) to the
total electron—phonon coupling.

Table 1. The calculated electron—phonon coupling parameters A, the

logarithmic average frequency @0, and superconducting critical tem-
peratures T; (K) (u* = 0.13) for different phases at different pressures.

Compound Pressure (GPa) A Oog T. (K)
C2/m-LaYH; 0 0.43 140 0.47
Pmmn-LaYH, 100 0.46 313 1.57
C2/m-LaYH3 0 0.26 219 0
P2y /m-LaYH3 50 0.68 206 522

R3m-LaYHj3; 150 0.54 324 3.64
50 1.02 895 55.51

P4 /mmm-LaYHg 150 0.83 1128 46.96
200 0.71 1217 34.67
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Fig. 6. The Eliashberg spectral functions a2 F (@), the projected phonon density of states (PHDOS), and the electron—phonon coupling param-

eter A of P4/mmm-LaYHg at (a) 50 GPa and (b) 200 GPa.

4. Conclusion

In summary, we perform a theoretical study on the struc-
ture, stability, electronic and superconducting properties of
LaYH,, LaYH3;, LaYHg, and LaYHg at pressures of O—
200 GPa. Two stable phases for LaYH; (C2/m and Pmmn)

and three stable phases for LaYH3 (C2/m, P2;/m and R3m),
LaYHg (P43212, P4/mmm and Cmcm) and LaYHg (P1, Imma
and P4/mmm) have been predicted. Remarkably, LaYH,
(x =2, 3, 6, 8) can be stable (or metastable) at ambient pres-

sure. The calculated band structures indicate that all phases
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of LaYH; and LaYHj3 predicted here are metallic. In these
phases, H exists as ionic H without covalent interactions. The
electronic density of states at the Fermi level is dominated
by La and Y instead of H, which results in weak electron—
phonon coupling interactions and low superconducting tem-
peratures. LaYHg is a semiconductor at ambient pressure and
exhibits poor metallic nature under high pressures. LaYHg
is the only compound which has substantial electron—phonon
coupling interactions. The calculated T; value of P4/mmm-
LaYHg is 55.51 K at 50 GPa.
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