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Quantum Crystal Structure in the 250 K Superconducting Lanthanum Hydride
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The discovery of superconductivity at 200 K in
the hydrogen sulfide system at large pressures [1]
was a clear demonstration that hydrogen-rich ma-
terials can be high-temperature superconductors.
The recent predictions of rare earth hydrides with
hydrogen cages [2, 3] and the subsequent synthe-
sis of LaHy with a superconducting critical tem-
perature (T.) of 250K [4, 5] place these mate-
rials at the verge of reaching the long-dreamed
room-temperature superconductivity. Electrical
and x-ray diffraction measurements determined a
weakly pressure-dependent T, for LaH;y between
137 and 218 gigapascals in a structure with a face-
centered cubic (fcc) arrangement of La atoms [5].
Here we show that quantum atomic fluctuations
stabilize in this pressure range a high-symmetry
Fm3m crystal structure consistent with experi-
ments, which has a colossal electron-phonon cou-
pling of A\ ~ 3.5. Even if ab initio classical cal-
culations predict this structure to distort below
230 GPa [2, 3] yielding a complex energy land-
scape, the inclusion of quantum effects evidences
the Fm3m as the true ground state. The agree-
ment between the calculated and experimental T,
values further supports this phase as responsible
for the 250 K superconductivity. The relevance of
quantum fluctuations questions many of the crys-
tal structure predictions made for hydrides within
a classical approach that at the moment guide the
experimental quest for room-temperature super-
conductivity [6—8]. Furthermore, quantum effects
are revealed to be crucial to stabilize solids with
extraordinary )\, which may otherwise be destabi-
lized by the large electron-phonon interaction [9],
reducing the pressures needed for their synthesis.

*Correspondence and requests for material should be
addressed to jose.flores@Quniromal.it

The potential of metallic hydrogen as a high-T. super-

conductor [10] was identified few years after the devel-
opment of the Bardeen-Cooper-Schrieffer (BCS) theory,
which explained superconductivity through the electron-
phonon coupling mechanism. The main argument was
that T, can be maximized for light compounds due to
their high vibrational frequencies. In view of the large
pressures needed to metallize hydrogen [11], chemical pre-
compression with heavier atoms [12, 13| was suggested
as a pathway to decrease the pressure needed to reach
metallicity and, thus, superconductivity. These ideas
have bloomed into actual realization thanks to modern
ab initio crystal structure prediction methods based on
density-functional theory (DFT) [7, 14, 15]. Hundreds of
hydrogen-rich compounds have been predicted to be ther-
modynamically stable at high pressures and by calculating
the electron-phonon interaction, their T.’s have been es-
timated [6, 7]. The success of this symbiosis between
DFT crystal structure predictions and T. calculations is
exemplified by the discovery of superconductivity in HsS
at 200K [1, 16, 17]. The prospects for discovering high-T.
hydrogen-based superconductors in the next years are thus
high, especially in rare earth hydrides with sodalite-like
clathrate structures [2, 3|. This is in clear contrast with
other high-T. superconducting families such as cuprates
or pnictides, where the lack of a clear understanding of the
superconducting mechanism hinders an in silico guided
approach.

DFT predictions in the La-H system proposed LaHiq
to be thermodynamically stable against decomposition
at high pressures [2]. A sodalite type-structure with
space group Fm3m and T.~280K was suggested above
~220 GPa (see Fig. 1) as a candidate for high-T. su-
perconductivity [2, 3|. Distorted versions of the Fm3m
structure with space group C2/m and rhombohedral La
sublattice were also discussed [18]. By laser heating a
lanthanum sample in a hydrogen-rich atmosphere inside
a diamond anvil cell (DAC), a lanthanum superhydride
was synthesized [19] right after the first predictions [2, 3].
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Figure 1. Quantum effects stabilize the symmetric F'm3m phase of LaH;o. Top panel: Enthalpy as function of pressure
for different structures of LaHj¢ calculated neglecting the zero-point energy. Here pressure is calculated classically from V(R),
neglecting quantum effects on it. Bottom left: Sketch of a Born-Oppenheimer energy surface V(R) exemplifying the presence of
many local minima belonging to distorted structures. R represents the positions of atoms treated classically as simple points.
Bottom right: sketch of the configurational E(R) energy surface including quantum effects. R represents the quantum centroid
positions, which determine the center of the ionic wave functions, i.e., the average atomic positions. By including quantum
effects all phases collapse to a single phase, the highly symmetric Fm3m.

Based on the unit cell volume obtained by x-ray diffrac-
tion, the hydrogen to lanthanum ratio was estimated to
be between 9 and 12. An fcc arrangement of the La atoms
was determined above ~160 GPa and a rhombohedral lat-
tice below this pressure with R3m space group for the La
sublattice. Due to the small x-ray cross section of hydro-
gen, experimentally it is not possible to resolve directly
the H sublattice. Early this year, evidences of a supercon-
ducting transition at 260 K and 188 GPa were reported
in a lanthanum superhydride [4, 20]. These findings were
confirmed and put in solid grounds few months later by
an independent group that measured a T of 250 K from
137 to 218 GPa in a structure with fcc arrangement of the
La atoms and suggested a LaH;q stoichiometry [5].

Even if it is tempting to assign the record supercon-
ductivity to the F'm3m phase predicted previously [2-5],

there is a clear problem: the F'm3m structure is predicted
to be dynamically unstable in the whole pressure range
where a 250K T, was observed. This would imply that
the phase is not a minimum of the Born-Oppenheimer
energy surface. Consequently, no T has been estimated
for this phase in the experimental pressure range. Con-
sidering that quantum proton fluctuations symmetrize
hydrogen bonds in the high-pressure X phase of ice [21]
and in H3S [22, 23], this contradiction may signal a prob-
lem of the classical treatment of the atomic vibrations
in the calculations. We show here how quantum atomic
fluctuations completely reshape the energy landscape by
washing out classical local minima and making the F'm3m
phase the true ground state and the responsible for the
observed superconducting critical temperature.

We start by calculating using DFT the lowest enthalpy
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Figure 2. Phonon band structure of Fm3m LaH;, at different pressures. The harmonic phonons show large instabilities
in several regions of the Brillouin zone. Ounly at the high-pressure limit, e.g. above 220-250 GPa dynamic (harmonic) stabilization
is reached. The anharmonic phonons obtained from the Hessian of the quantum F(R) energy within the SSCHA are dynamically
stable in the pressure range experimentally relevant. The case of deuterium develops a instability at low pressures (126 GPa)
consistent with experimental evidence. The pressure given corresponds to the calculated from E(R) that considers quantum
effects. The grey area marks the region with imaginary phonon frequencies, which are depicted as negative frequencies.

structures of LaH1( as a function of pressure with state-
of-the-art crystal structure prediction methods [24]. The
contribution associated with atomic fluctuations is not
included, so that the energy just corresponds to the Born-
Oppenheimer energy V(R), where R represents the po-
sition of atoms treated classically as simple points. As
shown in Figure 1, different distorted phases of LaH;( are
thermodynamically more stable than the Fm3m phase.
Above ~250 GPa all phases merge to the F'm3m symmet-
ric phase. These results are in agreement with previous
calculations [2], even if we identify other possible dis-
torted structures with lower enthalpy such as the R3m,
C2 and P1 (not shown) phases. These phases not only
imply a distortion of the H atoms but also show a La
sublattice without an fcc arrangement, and thus should
be detectable by x-ray (see Extended Data). The fact
that many structures are predicted underlines that the
classical V(R) energy surface is of a multifunnel structure
tractable to many different saddle and local minima, as

sketched in bottom left of Figure 1.

This picture completely changes when including the
energy of quantum atomic fluctuations, the zero-point
energy (ZPE). We calculate the ZPE within the stochastic
self-consistent harmonic approximation (SSCHA) [25, 26].
The SSCHA is a variational method that calculates the
E(R) energy of the system including atomic quantum
fluctuations as a function of the centroid positions R,
which determine the center of the ionic wave functions.
The calculations are performed without approximating
the V(R) potential, keeping all its anharmonic terms.
We perform a minimization of E(R) and determine the
centroid positions at its minimum. By calculating the
stress tensor from F(R) [26], we relax the lattice parame-
ters seeking for structures with isotropic stress conditions
considering quantum effects. We start the quantum re-
laxation for both R3m and C2 phases with the lattice
that yields a classical isotropic pressure of 150 GPa and
vanishing classical forces, i.e. calculated from V(R). All



quantum relaxations quickly evolve into the F'm3m phase
(see Extended Data). This suggests that the quantum
E(R) energy landscape is much simpler than the classical
V(R) as sketched in Figure 1. And that the sodalite-type
symmetry F'm3m phase is the ground state of LaH;
in the pressure range of interest. Quantum effects are
colossal: reshaping the energy landscape and stabilizing
structures by more than 60 meV per LaHg.

Our results further confirm that the structure of LaHg
responsible for the 250 K superconductivity is Fm3m.
This is completely consistent with the fcc arrangement of
La atoms found experimentally [5]. We verified that the
experimental resolution of Ref. [5] is enough to discard the
classically obtained distorted structures (see Extended
Data). However, Geballe et al. [19] observed a rhombo-
hedral distortion below ~160 GPa, with an R3m space
group for the La sublattice and a rhombohedral angle of
approximately 61.3°(¢/a ~ 2.38 in the hexagonal repre-
sentation). Our calculations show that this distortion is
compatible with the hypothesis of slight anisotropic stress
condition, possibly present in some experiments inside
the DAC. Indeed, by performing a SSCHA minimization
for the R3m phase but keeping the rhombohedral angle
fixed at 62.3°(the value that yields an isotropic pressure of
150 GPa at the classical level) the quantum stress tensor
shows a 6% anisotropy between the diagonal direction and
the perpendicular plane. This suggests that anisotropic
conditions inside the DAC can produce the R3m phase,
while it is not ruled out that other experimental stress
conditions could favor other crystalline phases.

The Fm3m phonon spectra calculated in the harmonic
approximation from the Hessian of V(R) show clear
phonon instabilities in a broad region of the Brillouin
zone (see Figure 2). These instabilities appear below
~230 GPa. This is consistent with the fact that below
this pressure many possible atomic distortions lower the
enthalpy of this composition. On the contrary, as shown
in Figure 2, when calculating the phonons from the Hes-
sian of E(R) [25], which effectively captures the full
anharmonicity of V(R), no instability is observed. This
confirms again that the F'm3m phase is a minimum in the
quantum-energy landscape in the whole pressure range
where a 250 K T, was observed. While the Fm3m phase of
LaH;( remains a minimum of E(R) as low as ~ 129 GPa,
the case of LaD1g shows instabilities at 126 GPa, implying
that at this pressure the F'm3m phase of LaD;q distorts
to a new phase (as suggested by Drozdov et al. [5]).

The breakdown of the classical harmonic approximation
for phonons hinders the estimation of T. below ~230 GPa
in the F'm3m phase and questions the certainty of har-
monic calculations at higher pressures [2, 27], considering
that large anharmonic effects are persistent well above
260 GPa (see Figure 2). On the contrary, with anhar-
monic phonons derived from the Hessian of E(R) we
can readily calculate the electron-phonon interaction and
the superconducting T, in the experimental range of
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Figure 3. Summary of experimental and theoretical

T. values. Superconducting critical temperatures calculated
within anisotropic Migdal-Eliashberg equations and SCDFT.
In both cases the anharmonic phonons obtained with the
SSCHA are used. The results are compared with the experi-
mental measurements by Somayuzulu et al. [4] and Drozdov
et al. [5]. The error bars in the experimental data by Droz-
dov et al. correspond to the experimental uncertainty in the
determination of T. as estimated in this reference.

pressure (137-218 GPa). The superconducting critical
temperature is estimated fully ab initio —without any
empirical parameter— by solving Migdal-Eliashberg (ME)
equations and applying SuperConducting DFT (SCDFT).
As shown in Figure 3, the numerical solutions of ME
equations with anisotropic energy gap are almost on top
of the experimental values. SCDFT values systemati-
cally show a slightly lower T.. Our reported values of
T, evidence the phonon-driven mechanism of supercon-
ductivity and confirm LaHjg in its F'm3m structure as
responsible for the highest-T, up to date reported. Our
calculations for LaDjy in the F'm3m phase are also in
agreement with the experimental point reported. Despite
the large anharmonic effects at play, the isotope coefficient
a = —[InT.(LaDyo) — In T¢(LaH;)] /In2 is close to 0.5
(0.43 around 160 GPa), the expected value in BCS theory
and is in agreement with the experimentally reported
a = 0.46.

Finally, we also calculated T, with the subtle rhombo-
hedral distortion that could be induced in experiments
by anisotropic stress conditions of pressure. Fixing the
rhombohedral angle at 62.3° the obtained T, for the R3m
phase at 160 GPa is a 9% lower than for the Fm3m. Thus,
the observed weak pressure dependence of T is consistent
with the absence of a rhombohedral distortion, as sug-
gested by the x-ray data [5]. However, as argued above,
undesired anisotropic stress conditions in the DAC can
induce phase transitions. It is highly probable that T,



measurements with lower values around 200 K correspond
to distorted structures induced by anisotropic conditions
of pressure. In fact, we can safely rule out that compo-
sitions such as LaH;1, proposed to yield a high critical
temperature [5], are responsible for sizable T. in this
range (see Extended Data).

In summary, this work demonstrates how quantum
effects are of capital importance in determining the ground
state structures of superconducting hydrides, challenging
all current predictions and evidencing flaws in standard
theoretical methods. Similar effects are expected in other
high-T. compounds with hydrogen clathrate structures
claimed to have been synthesized recently [28-30]. More
importantly, we illustrated how quantum fluctuations are
indispensable to sustain crystals with large A (A reaches a
record value of 3.6 at 129 GPa for LaH;() that otherwise
would be destabilized by the colossal electron-phonon
interaction and led to distorted (low symmetry) structures
reducing the electronic density of states at the Fermi level
(see Extended Data) [9]. Thus, our results give hope for
discovering hydrogen-based high-T. superconductors at
much lower pressures than expected classically.
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METHODS

Calculation details. First-principles calculations
were performed within DFT and the generalized gradient
approximation (GGA) as parametrized by Perdew, Burke,
and Ernzerhof (PBE) [31]. Harmonic phonon frequen-
cies were calculated within density functional perturba-
tion theory (DFPT) [32] making use of the QUANTUM
ESPRESSO code [33, 34]. The SSCHA [25, 26, 35, 36]
minimization requires the calculation of energies, forces
and stress tensors in supercells. These were calculated
as well within DFT at the PBE level with QUANTUM
ESPRESSO. For the final SSCHA populations, 1000 con-
figurations were used to reduce the stochastic noise. In
all these calculations we used ultrasoft pseudopotentials
including 11 electrons for the La atoms, a plane-wave
cut-off energy of 50 Ry for the kinetic energy and 500 Ry
for the charge density.

In the harmonic phonon calculations for the Fm3m
and R3m phases, we used the primitive and rhombohe-
dral lattices, respectively, with one LaH;y formula unit
in the unit cell. A 20x20x20 Monkhorst-Pack shifted
electron-momentum grid was used for these calculations
with a Methfessel-Paxton smearing of 0.02Ry. The DFT
calculations performed for the SSCHA on supercells were
performed on a coarser electron-momentum grid, which
would correspond to a 12x12x12 grid in the unit cell.
We explicitly verified that this coarser mesh yields a fully
converged SSCHA gradient with respect to the electron-
momentum grid, thus, not affecting the SSCHA mini-
mization. The DFT supercell calculations for the SSCHA
minimization on the C'2 phase were performed keeping
the same k-point density.

All phonon frequencies for g-points not commensu-
rate with the supercell used in the SSCHA minimization
were obtained by directly Fourier interpolating the real
space force constants obtained in this supercell, which
are calculated form the Hessian of E(R). For the Fm3m
phase the SSCHA calculation was performed both on a
2x2x2 and 3x3x3 supercell containing, respectively, 88
and 297 atoms. The phonon spectra shown in Figure 2
for the F'm3m phase are obtained by Fourier interpolat-
ing directly the SSCHA energy Hessian force constants
obtained in a 3x3x3 supercell. In Extended Data Figure
2 we show that the phonon spectrum obtained interpo-
lating directly the force constants in a 2x2x2 supercell
yields similar results, indicating that the energy Hessian
force constants are short-range and can be Fourier in-
terpolated. Indeed, the T. calculated with the 2x2x2
and 3x3x3 force constants for interpolating phonons only
differs in approximately 3 K. Upon this, the SSCHA quan-
tum structural relaxations in the R3m and C2 phases
were performed in supercells with 88 atoms.

As shown in Ref. [25], the Hessian of E(R) is

G
3. (1)

4

2 (3)
0°E(R) 1_ BA

TRIR. =® 4+ PA

Bold notation represents matrices and tensors in compact
notation. In Eq. (1), ® are the variational force constants

n
of the SSCHA minimization, (<I>) the quantum statistical
averages taken with the SSCHA density matrix of the n-th
order derivatives of V(R), and A a tensor that depends
on the temperature and ®. 1 is the identity matrix.

€]
As we show in Extended Figure 2, setting ® = 0 has a
negligible effect on the phonons obtained from the Hessian

4
defined in Eq. (1). Therefore, g is neglected throughout,
and all superconductivity calculations in the F'm3m and
R3m phases are performed making use of the phonon
frequencies and polarization vectors obtained from the

4

Hessian of F(R) with g = 0. We also estimated T, with
the phonon frequencies and polarization vectors obtained
instead from ®, resulting in a critical temperature 12 K
lower within Allen-Dynes modified McMillan equation.
This difference is small and within the uncertainty of the
T. calculation between SCDFT and anisotropic Migdal-
Eliashberg calculations (see Figure 3 and below).

The Eliashberg spectral function, which we used for
the T, calculations, is defined as

1 v
o’F(w) = N Z |9nk,mk+q|25(€nk — EF)
Er nk,mq,v
X J(Emk+q - EF)a(W - wa/)7 (2)

where Ng,. is the electronic density of states (DOS) at
the Fermi energy (Er), n and m are band indices, k
is a crystal momentum, e,k is a band energy, wq, is
the phonon frequency of mode v at wavevector q, and
Ik mk-+q 1S the electron-phonon matrix element between
a state nk and mk +q. We calculated o F'(w) combining
the SSCHA phonon frequencies and polarization vectors
obtained from the Hessian of E(R) with the electron-
phonon matrix elements calculated with DFPT. For the
Fm3m and R3m phases, the electron-phonon matrix el-
ements were calculated in a 6x6x6 q point grid and a
40x40x40 k point grid. These were combined with the
SSCHA phonons and polarization vectors obtained by
Fourier interpolation to the 6x6x6 q point grid from
the real space force constants coming from the Hessian
of E(R) in a 3x3x3 supercell for the Fm3m and in a
2x2x2 supercell for the R3m. The Dirac deltas on the
band energies are estimated by substituting them with
a Gaussian of 0.004 Ry width. The calculated o?F (w)
functions for the Fm3m phase are shown in Extended
Figure 3, while in Extended Figure 5 we show the results
for the R3m phase.



Crystal phase diagram exploration. To sample
the enthalpy landscape of LaH;y we employed the
minima hopping method (MHM) [24, 37], which has been
successfully used for global geometry optimization in a
large variety of applications including superconducting
materials such as H3S, PH3, and elemental solids at
high pressure [38—40]. This composition was thoroughly
explored with 1, 2, 3 and 4 formula units simulation cells.
Variable composition simulations were also performed
for other La-H compositions. Energy, atomic forces
and stresses were evaluated at the DFT level with the
GGA-PBE parametrization to the exchange-correlation
functional. A plane wave basis-set with a high cutoff
energy of 900 eV was used to expand the wave-function
together with the projector augmented wave (PAW)
method as implemented in the Vienna Ab Initio
Simulation Package vAsP [41]. Geometry relaxations
were performed with tight convergence criteria such
that the forces on the atoms were less than 2meV/A
and the stresses were less than 0.1 éV/A3. Extended
Data Figure 1 shows our calculated convex hull of
enthalpy formation without considering the zero-point
energy at 100, 150 and 200 GPa. Interestingly, there
are many stable compositions in the convex hull. LaH;q
becomes enthalpically stable (classically) at ~175 GPa
and remains in the convex well above 300 GPa. We have
verified that LaHo (F'm3m) does not decompose into
LaH; (Cmem) and LaHy; (P4/nmm) by ~0.3 eV /LaH;q
once quantum effects are included in the calculation
of the enthalpy formation at 150 GPa, contrary to the
conclusion drawn by classical calculations in Ref. [3].
Below 150 GPa, R3m and C2 phases (LaHjg) show
unstable harmonic phonon at I', becoming saddle points
of V(R). However, harmonically one can find P1
stable structures (decreasing symmetry) by following
the instability pattern (softening direction, i.e. along
eigenvector polarization). P1 structures are degenerate
in enthalpy within less 3meV /LaH;g with respect C2.
Hence, we used the C2 as a representative of highly
distorted structures for our study.

Superconductivity calculations in the Fm3m
phase. Superconductivity calculations were performed
within two different approaches that represent the state-of-
the-art of ab initio superconductivity: Density functional
theory for Superconductors (SCDFT) and the Eliashberg
equations with full Coulomb interaction.

SCDFT is an extension to DFT for a superconducting
ground state [42, 43]. By assuming that the nk anisotropy
in the electron-phonon coupling is negligible (see Ref. 43
for further details), the critical temperature is computed
by solving an (isotropic) equation for the Kohn-Sham

gap:

tanh {5}52(5’)

Ag(€) = Z (e) A (e)—/de'lC (€,€) ToE @)
3)
where € is the electron energy and 3 the inverse temper-
ature. The kernels K and Z come from the exchange
correlation functional of the theory [43-48] and depend
on the properties of the pairing interactions: electron-
phonon coupling and screened electron-electron repulsion.
Eq. 3 allows us to calculate T, completely ab initio, with-
out introducing an empirical p* parameter (Coulomb
pseudopotential). Dynamic effects on the Coulomb in-
teraction (plasmon) were also tested and did not show
any significant effect. In its isotropic form, the screened
Coulomb interaction in SCDFT is accounted for by a
function u(e, €'), which is given by the average [49] RPA
Coulomb matrix element on the iso-energy surfaces € and
¢’ times the DOS at € (N(¢')):
Z {[ @) — enk)
(Enk)

RPA 6(

nk mk’ 5(6/ - 6mk’)-

(4)
The full energy dependence of the DOS is accounted in
the calculations, while the electron-phonon coupling is
described by the o F(w) of Eq. (2).

The second approach we use to simulate the supercon-
ducting state is the anisotropic Eliashberg approach [50].
Here we include, together with the energy dependence of
the electron DOS, the anisotropy of the electron-phonon
coupling. The Green’s function form of the Eliashberg
equation [50] we solve is given as

. 1 , , ,
Dok(ie) = ~ 575 Em VRt i6,) Gt i + i),
(5)
Ank(lwl NT o Z {Vph qv ZUJ#) + an (qa zw#)}

u am
X |Gktqiwy + iwi)|2Amk+q(iwu +iw;). (6)

Here, ¥,k (iw;) and A,x(iw;) are the normal and anoma-
lous self energy, and VP! (q, iw,) and V.S, (q, iw,,) are the
k-averaged phonon-mediated interaction and Coulomb

interaction, respectively. The explicit form of VP! (q, iw,,)
is given as
V qa Zwu Z |gnm ‘ D (q7 lwﬂ) (7)

where |g¥,,(q)|? is a k-averaged electron-phonon matrix
element,

Zk |ng,mk+q|26(€nk - EF)é(fmk+q - Er)
Zk 6(6nk - EF)(S(emk-&-q - EF) ’
(8)

194 (Q)? =



and D,(q,iw,) is a free-phonon Green’s function,
Dy (q,iw,) = —2wqy/(w;, + wg, ). The electron-phonon
matrix elements are calculated through a DFPT cal-
culation with 6x6x6 q point grid and are combined
with the phonon frequencies and polarization vectors
obtained by directly Fourier interpolating to this grid
the force constants coming from the FE(R) Hessian
in the 3x3x3 supercell. For the Coulomb interac-
tion, V,$, (q,iw,) is approximated by k-averaged static
Coulomb interaction within the random phase approxi-
mation, Nik > Y/;ffllzélk+q(iw# = 0). Using Eq. (5), the
Dyson equation was solved self-consistently and then
Eq. (6) was solved to estimate T, with 36x 36 x 36 k
point grid and 512 Matsubara frequencies.

In Extended Data Table I we summarize all calculated
T.’s within anisotropic ME and isotropic SCDFT. We
also include the values obtained with McMillan equation
and Allen-Dynes modified McMillan equation (u*=0.1).
The calculated electron-phonon coupling constant, A =
2 7 dwa?F(w)/w, and the logarithmic frequency average,

2
Wipg= €Xp (% fooo dw%(“})

the table.

Quantum structural relaxations in the R3m and
C?2 phases. In Extended Figure 5 we show the evolution
of the pressure calculated along the different Cartesian di-
rections for the R3m throughout the SSCHA minimization
but keeping the rhombohedral angle fixed at 62.3°. Thus,
the centroid positions R are optimized only considering
the internal degrees of freedom of the R3m phase. Even if
at the classical level the stress is isotropic (within a 0.5%),
after the SSCHA quantum relaxation an anisotropic stress
of a 6% is created between the z and x — y directions.
The phonons obtained at the end of the minimization
are shown in Extended Figure 5. Secondly, in Extended
Figure 4, we show that starting from the result of this
minimization but now relaxing also the lattice, the R3m
phase evolves into the Fm3m phase. It is clear how
the pressure calculated with quantum effects becomes
isotropic when the rhombohedral angle becomes 60°, the
angle corresponding to a fcc lattice in a rhombohedral
description. Also it is evident that the Wyckoff positions
of the R3m phase evolve clearly into the F'm3m Wyck-
off positions, which are summarized in Extended Data
Table II.

In Extended Data Figure 6 we show the evolution of
the diagonal components of the pressure along the three
different Cartesian directions for the monoclininc C'2 when
the lattice structure is relaxed with the SSCHA. The
starting point is obtained by first performing a SSCHA
relaxation of only internal atomic coordinates keeping the
lattice parameters that yield an isotropic stress of 150 GPa.
It is clear that quantum effects create an anisotropic
stress if the lattice parameters are not modified. When
the quantum relaxation of the lattice is performed, the
lattice parameters are modified and an isotropic stress is

logw), are also included in

recovered.

Extended Data Figure 7 shows the structures of the
R3m and C2 phases obtained classically and after the
quantum SSCHA relaxation. After the quantum relax-
ation, the symmetry of both structures is recognized as
Fm3m with a tolerance of 0.001 A for lattice vectors and
0.005 A for ionic positions, consistent with the stochastic
accuracy of the SSCHA. In the same Figure 7, the elec-
tronic density of states (DOS) as a function of pressure
is plotted. Highly symmetric motif ( Fm3m ) maximizes
Ng,., while in distorted structures (R3m and C2) the oc-
cupation at the Fermi level is reduced by more than 20 %.
This underlines that the classical distortions would lower
NEg,., reducing A, as expected in a system destabilized by
the electron-phonon interaction.

Transition temperatures from other La-H com-
positions. Different compositions on the La-H phase
diagram have been reported as thermodynamically stable.
Presumably, the stabilization of these compositions and
the measurement of different T.’s (see Drozdov et al. [5])
demonstrate that other stoichiometries are responsible for
these measured T.s. Notably, these T s appear substan-
tially lower, for instance the values decrease from 250 K,
to 215K, 110K and to 70 K. Experimentally there is not
a clear correlation between sample preparation, T. and
pressure. In the sample preparation of Drozdov et al.
pressures can vary from 100 to 200 GPa (gradient inside
the diamond anvil cell) and it was proposed that other
stoichiometries (low-hydrogen content) are responsible for
systematically lower T.’s.

Conversely, in a later publication the same authors
suggested other hydrogen rich system that is enthalpi-
cally competitive (LaH;;) is possibly responsible for other
high-T. phases. In order to verify this hypothesis, we did
consider structure prediction runs with this stoichiome-
try and found crystalline structures that were previously
reported in Ref. [3]. Extended Data Figure 8 shows
the structural motif and the corresponding phonons and
a?F (w) spectral function. We can rule out the possibility
that high-T., as measured in different samples, arises from
LaHj; in its P4/nmm (129) structure (lowest enthalpy
structure for this composition at relevant experimental
pressures). As seen in Extended Data Figure 8, this phase
has a strong molecular crystal character, composed of Hy
units weakly interacting with La-lattice. This phase is
indeed a poor metal with low occupation of electrons
at the Fermi level due to its molecular character and
cannot explain 70K, or higher values of T.. Our esti-
mated T, with Allen-Dynes formula, harmonic phonons
and using a p*=0.1 is 7K at 100 GPa and reaching ~24 K
at 200 GPa. More importantly this phase do not show
marked anharmonicity.
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Convex hull of enthalpy formation and diffraction pattern of candidate LaH;, phases.

(Top panels) Classical 200 GPa. At low pressure (100 GPa) the composition of LaH1g is not stable and only develops as stable
point in the convex convex hull of enthalpy formation for La-H compositions at pressures of 100, 150 an hull above ~175 GPa.
(Bottom panel) Diffraction pattern of different structures at 150 GPa (classical pressure), compared to the experimental data
reported by Drozdov et al. in Ref. [5] for Fm3m LaHio at 150 GPa. The pattern is shown in the vicinity of the (111) peak
of the Fm3m phase. This peak is clearly split in the distorted C2 and R3m phases predicted classically. The figure confirms
evidences that the actual experimental resolution in Ref. [5] would have been enough to distinguish between these phases.

Extended Data Table I. Summary of calculated superconducting T.. Values are within different approaches ranging from
empirical to fully ab initio: McMillan equation (TC;I\:[*C:OJ), Allen-Dynes modified McMillan equation (TCS*DZOJ), anisotropic
treatment of Migdal-Eliashberg (T. %) and SCDFT (T?CDFT). Values of A and wiog are also given.

System |Pressure (GPa)| A |wioy (meV)| Ty, (K) Tcﬁ‘*D:O_l (K)| TME (K)| TECPFT (K)
LaHio 129 3.62 76.4 171.8 252.6 255.3 230
LaHio 163 2.67 96.4 190.4 247.0 242.8 225
LaHio 214 206 1155 196.3 235.9 237.9 210
LaHio 264 1.73 126.6 189.5 219.2 216.9 201
LaD1o 159 3.14 63.5 135.0 184.2 180.4 171
LaD1o 210 2.21 81.7 145.5 176.5 172.9 158
LaD1o 260 1.80 92.2 142.2 164.6 157.9 151
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Extended Data Figure 2. SSCHA phonons supercell convergence and different anharmonic phonon calculations
for LaH;, at 163 GPa. (Left panel) The phonon spectra shown are calculated by directly Fourier interpolating the force
constants obtained from the Hessian of E(R) in a real space 2 X 2 x 2 and a 3 X 3 x 3 supercell. The similarity of both
phonon spectrum obtained by Fourier interpolation indicates that these SSCHA force constants are short-ranged and can be
Fourier interpolated. (Right panel) Phonon spectra obtained from the SSCHA energy Hessian of Eq. (1) making different
level of approximations. The purple solid line is the phonon spectrum calculated with the full energy Hessian, without any

(4) 3 @
approximation. In the blue dotted spectrum we set ® = 0 in the equation. In the orange dash-dotted line we set & = & =0,

so that the phonon spectra corresponds to the one coming directly from the SSCHA variational force constants ®. These results

(3) 4
clearly show that while the effect of ® is important, setting ® = 0 is perfectly safe. All these phonon spectra in the figures are
obtained by Fourier interpolating directly the real space anharmonic force constants in a 2 x 2 X 2 supercell.
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Extended Data Figure 3. a2F(w) for the Fm3m phase of LaH;y and LaDj,. Calculated a2F(w) for different pressures
together with the integrated electron-phonon coupling constant, which is defined as A(w) = 2 [’ dQ2a®F(€)/Q. The results show
that high frequency, optical modes of hydrogen are responsible for the large value of the electron-phonon coupling constant A. It
is worth noting that acoustic modes with La character contribute between 0.2 and 0.5 to A and cannot be neglected to estimate
an accurate value of T\..
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Extended Data Figure 4. Details on the R3m LaH;, cell relaxation including quantum effects. The initial point for
the relaxation is the output from the previous internal relaxation with fixed angle presented in Extended Figure 5. The R3m
phase in the rhombohedral description is described by three vectors of the same length (a = b = ¢) and by the angle between
them (a = 3 = ). Top left panel shows the evolution of the rhombohedral angle and top left panel shows the evolution of the
rhombohedral lattice parameter (Ja|] = |b| = |c|). The progression of the stress tensor in the quantum SSCHA minimization is
shown in bottom left panel. It is clear that in the end of the minimization the structure obtains a 60° angle, which matches the
angle of a fcc lattice and that in this case the stress is isotropic. In bottom right panel, we show the evolution of the Wyckoff
positions in the minimization and we compare it with those of the F'm3m. The occupied Wyckoff positions for both R3m
LaHio and Fm3m LaHo are summarized in the Extended Data Table II. Here, it can be seen the evolution of €, €, €, and €,
parameters in the minimization. The atoms in the first set of 6¢ positions approach the 8¢ Wyckoff site of the F'm3m, while the
atoms in the second set of 6¢ positions and those in 18h sites approach the atoms in the 32f Wyckoff site of the Fm3m, where
e = 0.12053.
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Extended Data Table II. Details of the crystal structures. The table summarizes the occupied Wyckoff positions for different
structures found with MHM and used used in SSCHA for minimization. We describe the Wyckoff positions in crystal coordinates
so that the [z,y, z] coordinate should be understood as a za + yb + zc atomic position with a, b, ¢ the lattice vectors. For
the R3m phase we use the rhombohedral lattice (R), where the three lattice vectors have the same length (a = b = ¢) and
the angle between them is the same (a = 8 = 7). The Fm3m phase is described both in this thombohedral description (R)
and for comparison, in the standard cubic conventional lattice (C). In the Fm3m the lanthanum atom is described by the 4b
sites, two hydrogen atoms occupy the 8c sites, and the remaining 8 hydrogen atoms occupy the 32f sites. Most of the atomic
positions are fixed by symmetry and overall the F'm3m structure can be described by one single free parameter (¢). In the R3m
the lanthanum atom is locked in the 3b sites, two pairs of hydrogen atoms occupy the 6c¢ sites and the remaining 6 hydrogen
atoms occupy the 18h sites. In this case symmetry allows for more freedom and overall the structure of the R3m phase can
be described by 4 free parameters (eq, €, €, and €,). (b) Lattice parameters and atomic coordinates for LaH1o (Immm) and
LaHio (C2) at 150 GPa and LaHi1 P4/nmm at 100 GPa. These pressures are estimated classically. The positions below give
vanishing forces at classical level.

Fm3m (C) Fm3m (R) R3m (R)

1Ladb 1,3 4]|1Ladb (1,3, :

(M
[—

LLa3b [4,1.1]

2H8c [1,

[

8 H 32f |e,e,¢] 8 H 32f |e,e,€] 2H 6c |6,

2 H 6¢ I(a,(a,(a|

I'(a w_cﬂ 1_(ﬂ|

)

2H8c |

IN[EFNT
TN
TR
-

14

[-€,-€,-€] [-€,-€,-¢] [-€5,-€b,-€5)
le,e,-¢] [-€,-€,3¢| |6 H 18h [-€4,-€2,3€y]
le,-€,e] [-€,3¢ €] [-€y,3€z €|
[-€,€,e] [3€,-€,-¢] [3€y,-€2 €]
[-€,-€,¢] le,€,-3¢] |€x €z ,-3€y]
[-€,€,-€] [e,-3€.€] |€x,-3€y, €]
le,-€,-€] [-3¢€,€,¢e] [-3€y,€x,€2]
Composition (Space group) Lattice parameters Wyckoff positions
LaHio (Immm) a = 3.58303 A La 2c |0.50()00, 0.50000, 0.00000]
b= 3.61834 A H 8m [0.75841, 0.00000, 0.11649]
c=5.08749 A H 81 [0.00000, 0.75742, 0.87548)|

H 4j [0.50000, 0.00000, 0.74572]

LaH,, (C2) a = 6.15468 A
b= 3.60628 A

£
&

4c  ]0.49244, 0.00070, 0.25292|
4c [0.13978, 0.24567, -0.05243|

s

c="723776 A H 4c [0.09798, 0.24122, 0.45027|
8 = 55.71434° H 4c [0.36015, 0.25590, 0.05238|
H 4c [0.40204, 0.26021, 0.54971]
H 4c [-0.09751, 0.00051, -0.05100]
H 4c [0.86810, 0.00071, 0.43706]
H 4c [0.88713, 0.00076, 0.69398|
H 4c [0.87083, 0.00068, 0.19089]
H 4c [0.73058, 0.00043, 0.88088]
H 4c [0.76156, 0.00071, 0.36763|
LaHi: (P4/nmm) a=3.87435 A La 2¢ [0.25000, 0.25000, 0.78577]
b= 3.87435 A 4e [0.00000, 0.00000, 0.50000]

c= 527636 A 8i [0.25000, -0.02052, 0.17824]|
8i [0.25000, 0.55418, 0.35160]

2a [0.75000, 0.25000, 0.00000]

usjiasfaniian
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Extended Data Figure 5. Phonon dispersion of R3m LaH;o and the anisotropic pressure created in a fixed-cell
quantum relaxation. (Left panel) Harmonic and anharmonic phonon spectrum keeping a 62.3° rhombohedral angle. The
harmonic calculation is performed with the internal atomic positions that yield classical vanishing forces. The anharmonic
calculation is performed after relaxing with the SSCHA the internal degrees of freedom but keeping the 62.3° rhombohedral
angle. At the harmonic level there are unstable phonon modes even at I'. Symmetry prevents the relaxation of this structure
according to the unstable phonon mode at I'. The harmonic phonons are calculated at a classic pressure of 150 GPa. Quantum
effects add an extra ~10 GPa to the pressure. On the right side of the figure is also shown the behavior of A(w) and o F(w) for
the anharmonic calculation. (Right panel) Pressure along the different Cartesian directions during the SSCHA relaxation of the
internal parameters keeping the rhombohedral angle at 62.3° fixed. At step 0 the pressure reported is obtained directly from
V(R), neglecting quantum effects. It is isotropic within one GPa of difference between the x — y and z directions. At the other
steps it is calculated from the quantum E(R) and along the minimization it becomes anisotropic. When the minimization stops
at step 12, i.e., the internal coordinates are at the minimum of the E(R) for this lattice, the stress anisotropy between z and
x — y directions is about 6%. This clearly indicates that quantum effects want to relax the crystal lattice, in particular, since P,
is larger, by reducing the rhombohedral angle. It is worth noting that quantum effects approximately increase the total pressure
by 10 GPa, which is calculated as P = (P, + P, + P.)/3. The initial cell parameters before the minimization are a = 3.5473398
A and a = 62.34158 ° . The initial values of the free Wyckoff parameters, which yield classical vanishing forces and a 150 GPa
isotropic stress, are €, = 0.26043, ¢, = 0.09950, €, = 0.10746 and €, = 0.12810. See Extended Data Table II for more details.
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Extended Data Figure 6. Anisotropic pressure of the C'2 phase of LaH;( in a cell quantum relaxation. The figure
shows the pressures along the different Cartesian directions during the SSCHA cell minimization. The target pressure for this
minimization is 160 GPa. At the end of the minimization the isotropy of the stress tensor is recovered. A symmetry analysis
performed on the structure at the end of the minimization confirms the C2 LaH;o evolves in the Fm3m LaHio. The initial
values P, = 163.2 (GPa), P, = 159.7(GPa), P, = 155.0(GPa) are obtained by an atomic internal relaxation performed using the
SSCHA with fixed cell.



18

C2(5) Fm3m (225) R3m(166)
» 2 : { T T T T gt —
\ \[ ] 14 ) /’ N P <\
A q 7 ) = \ Z @S N A\ \>
N e - % 1.2 \ A ) 3 I
N \ ' 4 /‘ § \ High Ny @ y _ ) - \
210 f y HmY NN
( z 4 = = 100 GPa . S N vy
: Z o8 \ e e =
3
"No quantum" 2 06 \\\J/iﬁg o "No quantum"
2 -1 0 E—
14 Energy (eV) 14
212 7 N LaH /7 N\ 212 Reduction of Ny,
§ " Rcauhc“ggv/oo{ . /’\/\ 100 GPa Z v‘ ‘ > ) < ’ — k E" /b 1% /IOOGPa
g o B 10 150 GPa
g \M\ / 150 GPa - < fous g / 200 GP:
2 os [/ A O NI s Y TS S NS poen
& s Y, 1)
Jal 06 v\/,v_/w—\-:b‘\\/\y\/\/ . y X 8 06 ~—
| L 1
2 -1 0 1 2 . 2 -1 0 1 2
With quantum effects Energy (6V)

Energy (eV)

Extended Data Figure 7. SSCHA minimization on LaH;o and DOS. Top figures: two initial structures (C2 and R3m)
low enthalpy, considered in our SSCHA simulations. When considering quantum effects both structures evolve towards the
Fm3m structure. Corresponding total electronic density of states (DOS) as a function of pressure are plotted for each structure
(for comparison in the same energy scale). Highly symmetric motif (Fm3m) maximizes Ng,, while in distorted structures
(R3m and C2) the occupation at the Fermi level is reduced by more than 23 % for C2 and by 11 % for R3m, both comparison
at 150 GPa w.r.t. Fm3m. Classical pressures are appended for comparison in DOS panels. Note that DOS shape is also strongly

modified.
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Extended Data Figure 8. Details on LaH;i;. Left: P4/nmm crystal structure of LaH;; at 100 GPa thermodynamically stable
in the convex hull. Right top: harmonic phonons dispersion along momentum space for this composition: it is dynamically stable.
Right bottom: superconducting Eliashberg spectrum function (a?F(w)) calculated for this composition at the pressure indicated
with harmonic phonons. The estimated T. with Allen-Dynes formula (p*=0.1) is ~7K at 100 GPa (harmonic phonons).
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