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By mapping out potential energy surfaces from density-functional theory (DFT) and solving a protonic
Schrainger equation, we find that the H atom in a unit cell of theNH crystal shows remarkably strong
quantum behavior, leading to the delocalization of H over six octahedral sites around each N. This can be
rationalized in terms of rapid coherent tunneling among these equivalent octahedral sites. Structural and
dynamical consequences of our finding are discussed. Since-#i¢-tiH compounds are considered promising
candidates for H-storage, understanding of these fundamental properties will be useful toward improving the
performance of the material.

Owing to its light mass, hydrogen present in materials can are at the 8 sites in a face-centered cubic (fcc) structure with
exhibit significant quantum effects, such as tunnelifihere Fm3m symmetry and in parts b and ¢ of Figure 1, the H atoms
has been increasing interest in designing high-performanceare at the 48 (Fm3m) and 1@ (F43m) sites, respectivel§.In
materials with hydrogen-storage capability; such effects can be particular, in the latter two models, only one H position around
of relevance in determining the basic properties of these systemsa N is randomly occupied and thus the H must hop between H
including, for example, the energetics and location of H positions around the N to satisfy the crystallographic symmetry

absorption and also the diffusivity and transport. To a good observed. These models immediately suggest probable H
approximation, it often suffices to include the minimum amount quantum motions in the crystal.

of quantum mechanics for the H by adding in the zero-point

energy (ZPE) computed via a harmonic approximation. On the
other hand, if the localizing potential is not sufficiently deep,

the H atoms can tunnel between equivalent sites in the material,
broadening localized vibrational states into bands and rendering
a harmonic approximation invalid. In such cases, the H atom
in its ground state is delocalized over several sites. Crystalline

environments containing ordered absorption sites can ideally .
supply such a situation. However, such phenomena are quiteDFT to generate the PES for the H and then solve the protonic

rare. In body-centered cubic (bcc) metals, for example, quamumSchr"cdinger_ equation in the periodic_ potential qf the Iattic_e. Thi_s
tunneling between equivalent interstitial sites is kndvimzthis approach gives the ground and excited protonic states, including
letter, we report first-principles calculations on the;NIiH anharmonicity and anisotropy. With this method, we have
crystal, in which the proton has been treated quantum mechani-successfully predicted protonic eigenstates in some hydride
cally by solving the Schidinger equation for a proton in the systemg?
potential energy surface (PES) derived from density-functional  In practice, the PES for H in the system was calculated on a
theory (DFT). What emerges from this study is that the proton simple cubic grid with 32 points along each edge of the cubic
in this material exhibits very strong quantum behavior, leading unit cell, in which the N and Li are in the same positions as
to the delocalization of the H atom in certain sites around the those suggested by experiments. The lattice constant was taken
N atom. to be the experimental value. The PES on thé @2d was
Li.NH is a newly emerged H-storage matefalong with interpolated into a finer grid 88to obtain converged eigenstates.
LiNH,, these materials exhibit promising features for H- Each point on the PES was the result of a wave function
storage: a H-storage capacity of 11.5 wt % was reported, which gptimization using DFT. In the DFT calculations, exchange and
is well above the desired value for vehicular applications. The correlation were treated within the Perdeurke—Ernzerhof
flndlng has stimulated much eXperimental research to enhancegeneranzed gradient approximation, and the ionic cores were
the H-storage efficiencyTo design high-performance materials, gescribed by ultrasoft pseudopotentialEhe cutoff energy for
an understanding (_)f basic properties is of great importance. he plane-wave expansion was set to be 330 eV, and the
However, the atomic structure of ANH appears to be contro-  gjecironic Brillouin zone was sampled using & Monkhorst-
versial. Three models have been proposed in eXperiments,p i k-point grid, which are sufficient to give well-converged
suggesting different H adsorption sites. In Figure 1a, the H atoms, energies. The protonic wave function calculations were
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In this work, we adopt a first-principles approach developed
to describe the quantum motion of H in periodic systénts.
Here, the salient features of our method are briefly summarized
as follows. We assume that the system host forms an external
potential through which the H moves. We also assume the H
to be adiabatically decoupled from the motion of the heavier N
and Li, and the latter are treated as classical particles. We use
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Figure 1. (a—c) Models suggested by experiments. (d) The structure found in this work. (e) A real-space plot of the protonic ground state wave
function (green areas), which exhibits clearly 6-fold H positions around each N. In all cases, H is white, N is blue, and Li is purple.

function grids was set to be 1074 meV, which are also sufficient N—H unit in the crystal structure we found is planar, which is
to give converged results. a favorable structure for the N %pybridization, and, indeed,

We have chosen a range of lattice constants, and for eachthe geometry of the monomer ANH and LiNH, molecules’
lattice constant, we have repeated the quantum treatment for HFor the simpler model suggested by early experiments (Figure
in the respective PES. From the minimum in the obtained ground 1a), we found that it is in fact a metastable structure, with an
state (GS) energies, the lattice constant predicted quantumenergy 2.7 eV (per LNH molecule) higher than the one we
mechanically is 5.007 A, which is in very good agreement with found. Finally, we calculated the formation enthalpy for the
experimental data. The most striking feature obtained from our hydrogenation of LiNH to LiNH, with the structure we found,
calculations is the location of H positions: the H atoms reside and the obtained result of 0.55 eV agrees well with the
neither in the # nor the 48 nor the 1@ sites, as suggested in  experimental data (0.47 e¥).
experiments, but rather in the dites of the=m3m space group To understand the 6-fold H positions around each N in the
(i.e., the H coordinate isx(0,0),x = 0.210), as shown in Figure  structure in Figure 1d, we discuss now the mechanisms of the
1d. This is clearly evidenced by the calculated GS wave H motion. In Figure 2a, we plot the PES of the H within the
functions, which show the probabilities of H distributions in (100) plane of the crystal, in which two minimum energy
the system. A real-space plot of the GS is shown in Figure le. pathways can be seen. First, H moves from one H position to
As can be seen, the H clearly exhibits 6-fold positions around its neighbor around one N along an arc centered at the N (the
each N. It is worth mentioning that the new structure matches solid curve). The energy barrier including ZPE was calculated
the crystallographic symmetry observed in the experiments. It to be 477 meV (per H). Each N has six such minima octa-
is also interesting to note that thee?dite was mentioned in a  hedrally disposed around it. Second, H moves between two H
recent X-ray study but ruled out due to a slightly unfavorable positions that are around different N atoms (the dashed curve).
R-value in the Rietveld analysfClearly, further experimental ~ Due to the large separation between the two H positions,
study is required. however, the barrier is very high-@.9 eV). By applying the

To further support our findings, we examined the local transition state (TS) theory,= (kKT/h)(drs/qo)el"2EKD, where
structures of LiNH in experiments (i.e., the partially occupied drsanddo represent the vibrational partition function (including
models), in which only 1 among the 12 48ites (Figure 1b) the ZPE energies) at the TS and the potential minimum, we
or 4 16 sites (Figure 1c) is occupied/ta H atom. We found evaluated the kinetic rate constant for the first path (A& =
that H atoms in the 48and 1@ sites are 2.00 and 2.47 eV (per 477 meV) to be~6.0 x 1078 ps™! at 300 K, implying a very
LioNH unit) less stable than those in theeXlte, respectively. slow classical hopping rate between the equivalent 6-fold sites.
We also optimized these local structures by using DFT methods  On the other hand, the quantum tunneling of H (i.e., under-
and found that H in both cases moved to the &4es. These barrier process) is expected. To illustrate this, we show
results can be understood as follows. First, in the two experi- schematically the calculated protonic eigenspectrum in Figure
mental models, the HLi distances are short (1.62 and 1.38 A) 2b. As can be seen, relative to the potential minimum, the
so that the Coulomb repulsion between the two species can beground vibrational state$Q00) are at~275 meV. Per H atom,
significant, making the configurations unfavorable. On the other the ground state manifold contains six eigenstates, which
hand, in the structure obtained in this work, the H resides in a correspond to the possible linear combinations of vibrational
position close to the center of the four nearest neighboring Li states localized in each well. The bandwidihdf this manifold
atoms, with each HLi separation being 1.85 A. Second, unlike is significant,~4 meV, implying coherent tunneling motion
those in the experimental models, the geometry of the-Li  between the different minima; the uncertainty principle implies
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Figure 2. (a) PES of H within the (100) plane, in which two paths are indicated by solid and dashed curves. (b) Protonic eigenspectrum, in which
coherent widthsA) are shown for the first three states—g) Plots of wave functions (green and yellow areas) corresponding to the three states.
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