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Supplementary Note 1. Ramping-temperature MLFF-MD calculations

Fig. 1 shows the results obtained from our machine-learning-accelerated molecular-
dynamics calculations, with a temperature ramping from 0 K to 400 K (50 10% steps). A
portion of these data is shown in Fig. 1 in the main text (initial 200 fs), to highlight the
formation of Hy molecules at low temperature. As discussed in the main text, we started
the simulation from a highly symmetric Fm3m LuHa.s75Ng:105 (4 4 4) unit cell (shown in
Fig. 2a); Hy molecules start to form after a few tens of fs, at temperatures as low as 15 K
(see also Fig. 1 in the main text). Fig. 2b shows the structure with the Hy molecules, as
obtained from this MLFF-MD calculation. The steep temperature increase observed during
the initial stage of the ramping process (at time t << 1 ps in Fig. lc) is attributed to
the significant reduction in potential energy within the system (Fig. 1b), due to the rapid

formation of Hy molecules.
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Supplementary Figure 1. MLFF-MD simulations with temperature ramping from 0 K to 400 K.
Number of Hy molecules (purple) and N-H bonds (green) per N atom in the unit cell (top panel), free

energy (central panel) and effective temperature (bottom panel). The formation of Hs molecules

in the initial 200 fs are shown in the Fig. 1 in the main text.



Once the molecules are formed and stabilized, the temperature rises following the ex-
pected linear ramping. At high temperature (approximately 250 K) the H molecules start
to dissociate (see Fig. 1a at time steps> 25 ps). As discussed in the main text, this pro-
cess is associated to the formation of H-N bonds: Fig. 1a shows the progressively increasing
number of H-N bonds at high temperature (a representative structure is shown in Fig. 2c).

The hydrogen atoms move away from the high symmetry positions they occupy in the
ideal Fm3m structure, leading to a symmetry reduction. The structures containing
molecules (one or two) are intrinsically disordered, without any high structural symmetry,

thus the space group is P1. See the appendix for the structures of the reported systems.

Supplementary Figure 2. MLFF-MD representative structures from the simulation with ramping
temperature. We show the initial structure with the crystal in the Fm 3m phase (panel (a)), the
structure after the formation of H, molecules at low temperature, T 50 K (panel (b)), and the

structure showing the presence of N-H and N-H bonds at high temperature, T 400 K (panel

(©)).



Supplementary Note 2.

Additional MLFF-MD Data

In this section we present additional data on N-doped Lutlas obtained from our MLFF-

MD simulations.

Supplementary Figure 3. Pair correlation func-
tions at 100, 200 and 300 K in panel a, b, c, re-

spectively, for H-H, Lu-H, Lu-Lu pairs.

Figure 3 shows the pair correlation func-
tions as obtained for the molecular dynam-
ics simulations at 100, 200 and 300 K. The
sharp peaks indicate strong correlations at
speci ¢ distances that match the material's
crystal lattice parameters (as well as the K
bond length for molecular hydrogen). These
peaks diminish in intensity with increas-
ing distance, especially for the disordered
H atoms (sitting on/around lattice sites or
forming molecules), but remain visible up to
large distance. This analysis substantiates

the stability of the proposed structure.

We note also that, upon formation of
H, molecular units, some of the H atoms
involved in the process present a tempo-
rary di usive behavior. Figure 4 shows the
time evolution of selected hydrogen atoms at
300 K. Atoms not involved in the molecule
formation vibrate around their equilibrium
site (see atom H); conversely, some of the

atoms forming molecules move away their

original position during the formation process as well as upon breaking of the molecular

bonds. This might possibly suggests an increased mobility that can contribute to a ionic

conductivity: It might be interesting in future

studies to explore the impact of such ionic

conductivity on the electronic properties of the system, for example in relationship to the

resistivity drop recently observed in the literature [1]. We observe similar behavior also in

the simulations at lower temperatures, upon
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formation and breaking of molecular bonds.



Supplementary Figure 4. Trajectory of selected hydrogen atoms highlighted in fuchsia (in their
initial position), at every 10 fs interval, during 0.3 ns long simulation at 300 K. The atom H°
representative of the almost totality of the hydrogen atoms, only oscillates around its xed sites.
H atoms involved in molecular bonds may sporadically di use away from their stationary site (H{
H4). The gradient color of the trajectories indicates the time direction, blue for initial positions

and red for the nal ones.

However, these results, are highly a ected by the Langevin thermostat and friction coef-
cient adopted in the NpT calculations. We also note that the structural integrity of the
Lu-hosting matrix remains una ected by any potential hydrogen disorder, maintaining an

ordered face-centered cubic (fcc) lattice.

Figure 5 a) shows the distance between two H atoms forming & Ifholecule as a function
of time (in the MLFF-MD at 300 K). The average value of the H bond-length is 0.83A

(see solid line in the gure), approximately 10% larger than the bond-length value of 0. A4
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