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Abstract

Recent computational studies have predicted that rare-earth superhydrides are promising
high-temperature superconductors. Of these phases having very high hydrogen content (XH,,
n >6, where X is the rare-earth atom) a cubic phase of lanthanum hydride, been recently
synthesized at 170 GPa and identified as LaH (.4 in good agreement with theoretical
predictions. The experiments found that the stability of the phase extended to lower pressure
and a distorted form was found on decompression. Here we examine the nuclear quantum
and anharmonic dynamics on LaH, including the behavior of the hydrogen sublattice in
comparison with the predicted atomic metallic hydrogen at higher pressure. We also examine
the vibrational dynamics and electronic properties of the lower pressure phase of LaH,( and
find that superconducting 7. decreases relative to cubic but remains relatively high (i.e.,

229-245 K).



Introduction

Hydrogen and hydrogen-rich materials are of great current interest in achieving very
high-temperature superconductivity through the conventional theory of phonon-mediated
superconductivity due to the high average phonon frequencies of these materials, although
the details are more complicated [1-6]. As such, metallic hydrogen-dominated compounds
could potentially exhibit high superconducting transition temperature 7.. Several such
compounds with variable 7, have been produced in the laboratory (e.g., Refs. [7-12]).
Among them, compressed H,S is thought to be the most notable as it may become a
superconductor with a record 7, of 203 K at 150 GPa [9,13]. Theoretical studies suggested
this high superconducting phase is H3S [14-17]. It is clear that one should look for systems
with the highest possible hydrogen content. Later, we systematically performed structure
search in the La-H and Y-H systems. We predicted several hydrogen-rich compounds,
including LaH;o and YH;oin a fcc lattice, in which 32-atom hydrogen cages enclathrate the
La and Y atoms in the structure [18]. Both phases are predicted to have superconducting
transition temperatures near room temperature: ~275 K at 210 GPa for LaH;( and ~305 K at
250 GPa in YH;y, in good agreement with the calculations reported by another theoretical

group [19].

In addition to being more accessible experimentally than pure atomic metallic hydrogen, the
structure of such hydrogen-dominated compounds (or superhydrides) can be determined with
a much higher degree of definiteness, specially with by the use of x-ray diffraction to
determine the sublattice associated with a heavier component. The predicted fcc-LaH( phase
was recently synthesized at pressures above 170 GPa [20]. The experiments found that the
stability of the phase extended to somewhat lower pressure than was originally predicted,
and the cubic phase was found to undergo a distorted form on decompression below 170 GPa.
The previous calculations show that the fcc-LaH | is dynamically unstable below 210 GPa [18].
However, the experiment found it is stable at 170 GPa, a discrepancy that may arise from

anharmonic effects that are not accounted in previous simulations.
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Here we study the phase stability and superconductivity of LaH,( with special emphasis
on nuclear dynamical effects. We show that prediction for the LaH; phase stability requires
taking into account nuclear vibrations, both classical and quantum. These effects also lead to
a sublattice melting associated with H atoms, and the corresponding melting temperature, 7,
increases with pressure. This temperature, however, is relatively high (~1000 K), i.e., well
above the predicted superconducting transition temperature and the experimental synthesis of
Ref. [20]. As the pressure decreases, fcc-LaH |y undergoes a structural transformation to a
lower symmetry C2/m-LaH,( phase, which still exhibits a relatively high 7. of ~240 K. These
studies can be extended to other hydrogen-dominated materials and pure hydrogen, since

they have similar light element environments, including H-H distances and coordination.
Results and Discussion

We begin by examining the effects of thermal anharmonic vibrations and quantum motions
on the stability of the higher symmetry (fcc) LaH;o phase to lower pressures. For this purpose,
we performed first-principles classical and path integral molecular dynamics simulations; see
below and Ref. [21] for additional details. Classical molecular dynamic simulations at 115,
140 and 165 GPa were performed using a supercell consisted of 352 atoms (32 La and 320 H

atoms). The atomic dynamics were analyzed via the calculation of the position correlation
function, p(1) =< (r.(t +¢,)— R ) ® (:(¢,) — R) >, where r; is the temporal position of the i-th
atom and R’; is the initial position of that atom in the starting structure. The angular brackets

denote thermal averaging that in practice is evaluated as the average over many time origins

t9. At a long time, the positional displacements would become uncorrelated, therefore,
p(t)=<(r(t+t,)— R")e(r(t,)— R’)>—><r,— R’ >*. That is, if all atoms vibrate about the
initial lattice sites, then<r, — R’ >= 0, and p(¢) —0 as # — oo indicating the structure is

dynamically stable. The position correlation functions in Fig. 1 show the La atoms displaced
far away from the ideal fcc positions, therefore, the fcc-LaH;j is not stable at room

temperature and 115 and 140 GPa, However, the structure becomes stable above 140 GPa, in
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agreement the experimental observation [20].

To investigate nuclear quantum effects, we performed path integral molecular dynamic
simulations of fcc-LaH ;o at 150 GPa and 300 GPa. The quantum motion of each H atom is
simulated by a ring polymer with 16 beads [21]. We found that the inclusion of the quantum
effects was similar to the results obtained from classical molecular dynamic simulation (Fig.
1), and the La and H still occupied the respective fcc positions at 150 GPa and 300 K. The
calculated average root mean vibration amplitude sV((u)?) of H atoms are respectively, 0.20
A and 0.23 A, from classical and quantum molecular dynamic simulations at 150 GPa and
300 K. In the case of quantum simulation, the amplitude exceeds ~20% of the H-H
separation, which is close to the Lindemann criterion for melting. This value is much larger
than those reported for the molecular C2/c, Cmca-12, and Pbcn phases of pure hydrogen at
200 K (predicted values of 0.21, 0.14, and 0.13, respectively) [22] and is less than that in
helium (28%) [23]. Furthermore, we have investigated the trajectories of La and H atoms at
different temperatures, where the trajectories of hydrogen atoms represented by different
colors as shown in Fig 2b. It is clearly seen some hydrogen atoms can diffuse in the lattice
(Fig. 2), not unlike that found in water ice at megabar pressures (e.g., Ref. [24]). Moreover,
we found that the hydrogen atoms become diffusive at 800 K and 150 GPa and 1000 K and
300 GPa, indicating the 7, increases with pressure. This observation suggests that fcc-LaH g

may become a superionic phase under high pressure.

We now compare the H-substructure of fcc LaH;o with the atomic 74,/amd (Cs-1V)
[25,26] and molecular C2/c [25] phases of solid hydrogen. The hydrogen atoms in fcc-LaHg
and /4,/amd hydrogen have a similar chemical bonding environment (Figs. 3 and S1) in the
sense that the H atoms have four nearest neighbors forming “sp™ type bonding [21]. The
systems also share similar features in the projected density of states (PDOS) near the Fermi
energy (Fig. S2). In both systems, the H-s orbitals contributed much more than the p orbitals
to the electronic density of states (DOS). The pressure dependence of the H-H distances in

LaH;¢ and Cs-1V exhibit similar trends (Fig. S3). The similar chemical interaction between
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the H atoms is highlighted from the contour plots of the electron localization functions

shown in Fig. 3.

In the harmonic approximation, fcc-LaH ;o is dynamically unstable below 210 GPa [18].
The total energy decreases upon small atomic displacements (Fig. S4). At this pressure, after
full geometry optimization a slightly distorted C2/m structure is found. We computed the
phonon band structure of the C2/m phase at 200 GPa. The results show no imaginary mode
in the BZ, indicating the phase is a dynamically stable structure as shown in Fig. 4. As in
fcc-LaH), there is no clear separation H-H stretching and bending vibrations in the
calculated phonon band structure and projected vibration density of states (PVDOS) [3]. The
PVDOS shows that La vibrations dominate below 250 cm™. The absence of the distinct H-H
stretch vibrations and their strong mixing with the librations have been shown to be a unique
feature in superhydrides [3]. It would be of interest to extend these calculations for this and
other lower symmetry structures to include nuclear quantum effects as for cubic LaH;g
discussed above. It is interested to note that the cutoff frequency at 2200 cm™ is much lower
than that of the molecular hydrogen phases at these pressures, e.g., the Cmca-4 phase of

hydrogen (Fig. S5).

Previously, we found the electron-phonon coupling A = 2.2 for fcc-LaH,o [18]. The T,
was estimated from a?F(m) by numerically solving the Eliashberg equations [27,28], and
calculations with « * =0.1-0.13 gave a predicted 7, of 257-274 K (at 250 GPa) [18].
Turning to the C2/m structure, integration of ¢F(w) shows that 76% of the electron-phonon
coupling is derived from H-H vibrations above 250 cm™ (Fig. 4). We find A = 3.57, which is
very large but comparable to that calculated for HsS [14]. Using this value for A, the
calculated logarithmic average of phonon frequency wi,, = 733 K, and the density of
electronic states at the Fermi level, we compute 7;, of 200 K for the C2/m structure at 200
GPa with the McMillan formula. The corresponding range of 7¢ for « * = 0.1-0.13 is 245-229
K. These numbers are within range computed from the directly solving Eliashberg equation

using o0’ F(w), i.e, T..= 238 K. For the Cs-IV structure of solid hydrogen, the calculations
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give A = 3.45 and w0 = 1225 K, which in turn give a 7. from the McMillan equation of ~370
K (at 300 GPa).

To further understand which parameters contribute most to the electron-phonon

N(Ef)(I?)
M{w?) °

coupling, we used a simplified expression for A in the McMillan-Hopfield form A =

where M is the atomic mass, </*>is the square of the electron-ion matrix element at the
Fermi level, and <w”> is the averaged square of phonon frequency. The electron density of
states N(Ey) in Cs-IV phase is 0.49 states/Ry/atom at 300 GPa, roughly half that in LaH;, at
200 GPa (0.89 states/Ry/atom), which provides an explanation for the larger electron-phonon
coupling strength of LaH; relative to Cs-IV-type hydrogen. The structural distortion from
the cubic LaH;o decreases the 7. of the C2/m phase somewhat but the latter this still is
predicted to remain above 200 K at these pressures. We point out that additional lower
symmetry phases in the La-H were found on decompression of fcc-LaH;o [20]; it is possible

that these phases are also superconductors, possibly with still lower transition temperatures.

Conclusions

In summary, we demonstrate that both thermal and quantum effects play crucial roles in
determining the stability of fcc-LaH |, a potential very high 7, superconductor and the most
hydrogen-rich metallic compound synthesized to date. The dynamical effects diminish the
orientational character of the chemical bonds and stabilize the higher symmetry (fcc) phase
at lower pressures, in agreement with the recent experiments. The 7, of LaH; is predicted to
decrease in the lower symmetry C2/m phase is less than that of cubic but is still predicted to
be high (e.g., 229-245 K) and lower pressure superconducting phases are possible in the
La-H system. Comparing LaH; with the Cs-IV phase of solid hydrogen, we found that in
both systems the hydrogen atoms have similar chemical bonding environments. Moreover,
the melting temperature of the H sublattice in LaH,( increases with pressure, similar to the
bulk melting curve predicted for the Cs-1V phase. Such studies can be extended to other rare
earth superhydrides that are likely to exhibit similar unprecedented dynamical and electronic
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properties.
Methods

The phonon band structure and electron-phonon coupling parameters were computed
within the density functional perturbation theory using the Quantum-ESPRESSO package
[29]. Ultrasoft pseudopotentials for La (55°5p°5d"6s%) and H (1s') were used with a kinetic
energy cutoff of 60 Ry. To validate the pseudopotentials, we compared the equation of state
of fcc-LaH ;o computed from PAW potentials [30,31] and ultrasoft pseudopotentials to
full-potential calculations. To ensure validation of these calculations, we calculated the
equation of states for fcc-LaH; using different potentials [Fig. S6]. Additionally, we
recalculated the convex-hull on La-H at 200 GPa with and without zero-point energy as
shown in Fig. S7 using global structure prediction method CALYPSO [32,33]. It is clearly
seen that LaH, is stable after considering zero-point energy, which is in agreement with our

recent experimental results [20].
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Fig. 1. (a) Static structure of fcc-LaH,y. (b) Position correlation functions of LaH;¢ at 115,
140, and 165 GPa and 300 K. (c) Mean-squared displacement (MSD) of H atoms for
fee-LaHj 150 and 300 GPa, and 300-1000 K.
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Fig. 2. The trajectories of La (green spheres) and H (pink spheres) atoms at (a) 300 K and

(b) 800 K simulations at 150 GPa. (b) The trajectories of some H atoms are marked by

different colors.
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Fig. 3. Electron Localization Function (ELF) of cubic LaH;pand Cs-IV-type atomic
hydrogen at 200 GPa.
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Fig. 4. The calculated phonon and electron-phonon coupling spectral function for the C2/m
structure of LaH;at 200 GPa. The size of the red solid circles indicates the electron-phonon

coupling strength.
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