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Abstract
Kobayashi et al (6279) (Science 2016, 351) reported recently the existence of pureH- conductivity in
the oxyhydride La2−x−ySrx+yLiH1−x+yO3−y, while demonstrating its functionality through a
prototype solid-state Ti/La2LiHO3/TiH2 battery. In this study, we probe the atomisticmotion of
La2LiHO3 obtained by the promising halide saltfluxmethod, via a combination of deep inelastic
neutron scattering (DINS) and ab initio lattice dynamics (LD) calculations verified by vibrational
inelastic neutron spectroscopy (INS).We successfully describe themeasuredmomentumdistribu-
tions fromDINS via our LD calculations, without observing any diffusion activation over the
temperature range reported byKobayashi et al.This observation is corroborated bymodel predictions
fromour LD study, which reveals that the hydride anions remain boundwithin a 3D-harmonic
potential.We conclude that with the current synthesis parameters, themethod produces a vacancy
free lattice, and that a necessary ingredient for diffusivemotion ofH- is the presence of a large
population of vacancies. Based on the harmonic prediction for the hydrogen kinetic energy, we derive
a picture of the evolution of the effective bonding potential for the hydride anions, and link this to the
dynamics associatedwith decomposition of the oxyhydride.

1. Introduction

The oxyhydride La2LiHO3 has attracted significant attention since Kobayashi et al utilized the compound and
the Sr-substituted analogues La2−x−ySrx+yLiH1−x+yO3−y asH

−-conducting electrolytes in prototype solid-state
Ti/La2LiHO3/TiH2 batteries operated at 573K [1]. However, reading the recent literature, it become clear that
there are certain ambiguities in theH−-anion dynamics for thismaterial and the need of anion vacancies.

Severalmethods are in use to prepare La2LiHO3. Both solid-state techniques (high-pressuremethods or
under aH2-pressure) and various halide saltflux approaches that give phase pure compounds, including our
recent discovery to utilize the flux below itsmelting temperature [1–6]. The compoundnormally takes an anion
ordered orthorhombic Ruddlesden-Popper (RP) n=1 type structure, which is described as being built of n
perovskite layers (n denoting number of perovskite layers) separated by one-half rock salt layer (figure 1).
Careful structural analysis by powder neutron diffraction confirms the compound to be stoichiometric without
any anion vacancies, independent of the synthesis route [1, 2]. A tetragonal analogue containing anion vacancies
is also reported by the high-pressuremethod [1].

Computationally, themigration of hydride anions in the orthorhombic La2LiHO3modification is
thoroughly investigated. A recent in silico study by Liu et al it was established that themigration of hydride anions
in La2LiHO3, LaSrLiH2O2 and Sr2LiH3O took placewithin the perovskite layer with calculatedmigration
energies of 0.21 to 0.45 eV [7]. Similarly, Fjellvåg et al connected this observation to the anisotropic ionic-
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covalentmixed bonding [8]. The covalent bonding in the LaO rock salt layer is effectively hindering the hydride
anions tomigrate into andwithin the rock salt layer, forcing themigration to take place in the ionic bonded
perovskite layer. Furthermore, the diffusional behaviour of the anions in oxyhydrides was recently reported to
be strongly correlated [9]. As the two anions types occupy the same anionic lattice, fast dynamics of both anions
is a necessity to facilitate high conductivity of either specie. This observation is supported by ab initiomolecular
dynamics (AIMD) calculations stating that vacancies are needed to observe hydride anionmobility in La2LiHO3,
LaSrLiH2O2 and Sr2LiH3O [10]. However, the role of vacancies is not addressed experimentally and is still
unresolved.

Experimentally, the only investigations at an atomistic level on hydride anionmigration in orthorhombic
La2LiHO3 is by quasi-elastic neutron scattering (QENS) [2]. Owing to the time and spacewindowofQENS and
its inherent sensitivity to hydrogen, it is an ideal technique to study hydride anion diffusion [2, 11, 12]. For the
ideal case of pure incoherent scattering, one gets direct access to the spatial self-correlation function of theH−

ions.Here, the only observed dynamics was at high temperatures (above∼723K) and associatedwith the
decomposition of the oxyhydride, thus not the same dynamics Kobayashi et al observe in the prototype batteries
at 573K and in electrochemicalmeasurements between 423 and 590K. A possible explanation to the
discrepancy between the two reports is that the hydride diffusion demonstrated byKobayashi et alwas outside of
the dynamicwindowof theQENS instrument.

Spectroscopic techniques suited to study diffusional dynamics inmaterials such asQENS,muon
spectroscopy and nuclearmagnetic resonance (NMR), are limited by their spatiotemporal sensitivity windows
[11–13]. In contrast, deep inelastic neutron scattering (DINS) is not limited by any timewindow, being in
principle sensitive to allmotional degrees of freedom [14, 15]. Bymeasuring collections of recoil peaks from
atomic nuclei broadened by their instantaneousmomentumdistributions, DINS naturally decomposes the
spectra in amass-resolved fashion. The broader themomentumdistribution, the higher is the degree of bonding
of a local effective potential of themean force acting on a given atomic nucleus from its environment [14, 15].
Thereby, any subtle changes in local bonding, due to e.g. activated diffusional behaviour, can be detected.
Moreover, DINS harvests absolutely all neutrons, as at very high neutron energy andmomentum transfer limit
(impulse approximation) the difference between the incoherent and coherent structure factor ceases to exist and
the recoil peak intensities depend on the total bound (coherent and incoherent) cross section values of their
respective atomic nuclei. From thematerialmodelling point of view,DINS benefits frombeing in a sense the
‘ultimate benchmarking tool’ for the lattice dynamics (LD) calculations. Namely, itmeasures the amount of
Doppler-broadening of atomic recoil peaks, which is proportional to atom-projected, not total or neutron-
projected, vibrational density of states (VDOS). Hence, DINS, unlike vibrational inelastic neutron spectroscopy
(INS), completely disentangles the probe (projectile, or the radiation that couples to the excitations) and the
excitations themselves [14, 15]. The combination of these unique features rendersDINS awell-suited technique
to address the unresolved aspects of hydride anion diffusion in La2LiHO3.

Figure 1.TheRuddlesden-Popper n=1 crystal structure of orthorhombic La2LiHO3, built up of layers of corner-sharing LiH2O4

octahedra, separated by one-half LaO rock salt layer. Green, purple, white and red atoms correspond to lanthanum, lithium, hydrogen
and oxygen, respectively.
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In this work, we address the hydride anion diffusion in stoichiometric orthorhombic La2LiHO3 by a
combination of neutron scattering techniques, theoreticalmodels and LD calculations. DINS is used for the first
time to address the unresolved aspects of dynamics and bonding in oxyhydrides. To this end, we compare the
measuredmomentumdistributions to calculated values from a LDmodel, and conclude on the presence of
hydride anion diffusion in the compound at low temperatures.We further use INS to verify the LD calculations.
By comparison between the standard deviations (SD) of nuclearmomentumdistributionsmeasured and
predicted based on the harmonic approximationwe deduce aspects of the temperature evolution of the effective
bonding strength of the hydride anions in La2LiHO3. Based on ourfindings we discuss the hydride anion
diffusion in La2LiHO3 and address key factors for hydride anionmobility in the compound.

2.Material andmethods

Phase pure powder samples of La2LiHO3were synthesized in a LiCl (Sigma-Aldrich, 99.0%)fluxwith La2O3

(99.99%,Molycorp) and LiH (95%, Sigma-Aldrich)with amolar ratio of 1:4 for La2O3:LiH. The halide salt flux
was kept at 923K for 48 h in a calibrated tube furnace and heated and cooledwith a rate of 2.5 Kmin−1. Theflux
was contained in a tantalum crucible inside of an in-house built sealed stainless-steel ampule. All starting
materials were dried prior to use, and the reactionmixtures and tantalum crucible were prepared inside an
argon-filledMBraun glovebox. After heat treatment, the ampule was opened to air before the lithium chloride
flux and excess lithiumhydride werewashed outwithmethanol (99.8%, VWRChemicals). Because of the
exothermic nature of the reaction between LiH andmethanol, extra carewas taken in this part of the synthesis.
After washingwas completed, the samples were dried under vacuum and stored inside an argon-filled glovebox.

TheVESUVIO spectrometer at the ISIS PulsedNeutron andMuon sourcewas used to carry outDINS
experiments tomeasure the hydride anionmomentumdistribution in La2LiHO3 on a 22.7 g powder sample at a
series of temperatures from30 to 500K, representing the rangewhere the onset of hydride dynamics was
previously reported [1, 16]. The data was corrected for sample-composition dependent gammabackground and
multiple scattering using newly developed routines implemented in theMantidPlot computational
environment [17]. Following this, the hydrogen peakswere isolated in each spectrum recorded by an individual
detector, and focused in the hydrogen longitudinalmomentum space domain for increased signal-to-noise ratio
and precision of themodelling of the hydride anionmomentumdistribution. The focused datawas fittedwith
Gaussian hydride anionmomentumdistribution, and theGaussian’s SD (σ)was recorded for each temperature.

The experimental high-resolution vibrational neutron spectroscopy, INS, was carried out at the ISIS Pulsed
Neutron andMuon source on the inverted-geometry TOSCA instrument at≈10K in a closed-cycle helium
refrigerator [18–21]. A 5 g powder samplewasmeasured in aflat aluminium cell with 4×4.8 cm2 cross-section
area. The software packageMantidwas used for data reduction [17].

Thefirst-principles calculations were performed based on density functional theory and the pseudo-
potentialmethod implemented in theCASTEP code [22]. Norm-conserving pseudopotentials were employed to
describe the electron–ion interactions with the plane-wave cutoff energy of 850 eV. The exchange and
correlation termswere describedwith generalized gradient approximations in the scheme of Perdew–Burke–
Ernzerhof [23]. The geometric optimization of the unit cell was carried outwith the Broyden–Fletcher–
Goldfarb–Shanno (BFGS)minimization algorithmprovided in this code. The lattice parameters and atomic
positionswere fully optimized using the force and stressminimization. The k-points were generated using the
Monkhorst–Packmethodwith a grid size of 9×9×12 for structural optimization. Iterative relaxation of
atomic positions was stoppedwhen the change in total energy between successive steps was less than 1meV
cell−1.With this criterion, the forces generally acting on the atomswere found to be less than 10−3 eVÅ−1.
Density functional perturbation theory (DFPT) [24]was used for phonon calculations. For La, Li, H, andO
atoms the valence states weremodelled using the 5s2, 5p6, 6s2, 5d1; 1s2, 2s1; 1s1; and 2s2, 2p4 electrons,
respectively. The phonon calculationwasweightedwith the neutron scattering cross sections in the software
packageMantid, thus allowing a direct comparison to the INS spectra from the TOSCA instrument [17].

3. Results and discussion

Figure 2 shows themeasured and calculated (within theMaxwell-Boltzmann and the harmonic approximation)
Gaussian SD for the hydrogen peak in theDINS spectra across the studied temperature range (30–500K),
corresponding to themomentumdistribution of the hydride anions in La2LiHO3. The fact that themeasured SD
of the hydride anionmomentumdistribution strictly follow the LDpredictionwithin the harmonic
approximation across thewhole temperature range is a clear signature that the only potential energy surface
shape, underlying the nuclear dynamics that can be plausibly fitted to the data, given their quality, is a
symmetrical harmonic potential. In such a picture, the hydride anions spend the same time on the left- and the
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right-hand side of their local effective binding potential (asmeasured from the equilibrium—minimumpoint)
and the total energy is partitioned equally between the kinetic and potential energy [14, 15, 25].

AsDINS is amass-selective, not a site-selective technique, it provides averaged-over-all-sitesmomentum
distributions for given atomicmasses. Due to the quality of the data, afit of a combination of two nuclear
momentumdistributions of hydride anion, for themobile and bound fraction, was not possible. However, had
themobile fraction of the hydride anions started to build up in the 30–500K temperature region, the hydride
anionmomentumdistribution, as observed byDINS, would have been observed to systematically deviate from
the LDprediction. Namely, a deviation from the LDpredictionwould have been an indirect consequence of the
failure of a single-componentmodel tofit a two-component hydride anionmomentumdistribution due to a
build-up of a secondmuchnarrower (and thus representing hydride anions whose kinetic energies would have
been dominated by low-energy translationalmotion)Gaussian peak in the data. One can thus conclude that the
activated diffusional behaviour of the hydride anions is not visible in this average, as the bulk of hydride anion
remain tightly bonded throughout the investigated temperature range.

Althoughwe observe no change in the shape of the local effective potential underlying the nuclear
momentumdistributions of the hydride anions, it does notmean that the hydride anions exhibit the same
magnitude of effective bonding strength in the lattice over thewhole temperature range. Unfortunately, due to
the above-mentioned fact that the data quality does not support anything beyond a univariate Gaussian fit of
hydride anionmomentumdistributions the only underlying potential of themean force that is supportedwithin
the given data quality is harmonic.Within the infinitely-binding harmonicmodel, no dissociation energy is
directly amenable to experimental scrutiny and thus no assessment can bemade about the degree of the interplay
between the localizing (binding) character of the local potential and the delocalizing character of the
temperature effect on the hydride anions.However, despite this apparent lack of insight into the balance
between thermal excitations and binding strength changes, one can still perform the exercise of comparing the
predictions for the SDof the hydride anionmomentumdistributions in the completely bound hydride anions
scenario, based on the lattice-dynamics simulations, with a prediction based on themodel of the classical
Maxwell-Boltzmann approximation of free, non-interacting particles. Such a comparison is shown infigure 2 by
a black dashed line. It is evident that with increased temperature, the free-particle prediction approaches both
the LDprediction and experimental values. Thus, there is a significant weakening of the effective bonding
strength of the hydride anions in the lattice of La2LiHO3 occurringwith increasing temperature as the kinetic
energy of the hydride anions in La2LiHO3 increases while the local bonding potential is constant.

By extrapolating this trend to higher temperatures one can predict that eventually, at elevated temperatures (
i.e., above 500K limit), the effective bonding energywill be insufficient to constrain the hydride anions in their
lattice sites and theywill be free tomigrate. In this limit wewould expect increased hydride anion diffusion and
can further speculate that entrance into this free diffusing regime is the origin of the thermal decomposition.
This would have been observed in aDINS experiment as a significant decrease of the SDof the hydride anion
momentumdistribution due to the fact that the total nuclear kinetic energy of the hydride anionwould have
now stemmed exclusively from the low-energy translationalmotion, as opposed to the tightly bound hydride

Figure 2.Gaussian SD (σ) of the hydride anionmomentumdistribution in La2LiHO3 as a function of temperature. Blue squares:
experimental data fromDINSwith standard deviation; dashed black line: the SD of the hydride anionmomentumdistribution
calculated using theMaxwell-Boltzmann distribution; dashed red line: the hydride anionmomentumdistribution calculated fromLD
calculations of the hydride anion vibrational density of states within the harmonic approximation.
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anion forwhich the bulk of the kinetic energy stems from the high-energy vibrationalmodes. In fact, increased
hydride anionmobility at elevated temperatures is corroborated by a previousQENS study, which reported a
dramatic onset of a broadQENS signal at temperatures immediately preceding the decomposition temperature
(∼723K) [2]. BeyondQENS, the onlyway of elucidating the shape of the effective potential of themean force
usingDINS datawith the present level of quality is tomeasure a fully deuterated counterpart of the system and to
resort to themathematical relations connecting themagnitude of the isotope effect for the nuclear kinetic energy
to the shape of the potential [26]. In doing so, effectively one gets ‘potential selection rules’ at each given
temperature at which themomentumdistributions could bemeasured for both hydrogenated and deuterated
variants of the same system. In such a protocol, in principle one couldfit both the dissociation energy and the
decay constant parameters of theMorse potential to the observedmagnitudes of the isotope effect and to infer
the dissociation energy, a prospect well worthy of a futureDINS experiment.

TheDINS validation of the ab initio LD calculations, performedwithin the harmonic approximation, is
further corroborated by comparison to vibrational INS spectrum from the INS spectrometer TOSCA, as shown
infigure 3 [8]. Namely, we observe three very distinct spectral peaks which correspond to independent hydride
anionmotions in each of the spatial dimensions (x-, y- and z-direction indicated byHx, Hy andHz respectively in
figure 3), showing that the hydride anions are situated in a 3D-multivariate harmonic potential. It is exactly the
site-average of such a potential that yields the LDpredictions for themean standard deviations of hydride anion
momentumdistribution that are closed followed by valuesmeasured byDINS across the entire temperature
range. A visual representation of the spatial asymmetry of the potential is shown in the inset offigure 3, based on
the reciprocal relation between frequency and displacement within the harmonic approximation (an
approximation that is corroborated by theDINS results).

The observed absence of hydride anion diffusion in La2LiHO3 has some implications. Aswe previously
reported thorough structural investigations of a halide salt flux prepared La2LiHO3 a vacancy free lattice [2], we
suggest based on our results fromDINS that the absence of hydride anion diffusion is due to the lack of a large
population of anion vacancies in the perovskite layer of the compound. This complies well with reported results
fromQENS, where no dynamical behaviourwas observed in the temperature rangewhere Kobayashi et al
observed hydride anion diffusion [1, 2]. In addition, AIMDcalculations suggest absence of hydride anion
diffusionwithout vacancies present in the system [10]. Together, this suggests a possible discrepancy in the
vacancy concentration for orthorhombic La2LiHO3 synthesized by the high-pressuremethod as this compound
is reported to display hydride anion conductivity [1].

Moving forward, wewould like to refine the high yield halide salt fluxmethod by incorporating the ability to
control the population of vacancies as one of the synthesis parameters.We believe this would be possible after
the recent advances in preparation of oxyhydrides by the halide salt fluxmethod [4].We consider it feasible to
synthesize e.g. La2-xSrxLiHO3-x/2, where the substitution level of strontium (x) control the vacancy
concentration, thus the compound should show sufficient population of vacancies to facilitate hydride anion
diffusion in the perovskite layer. Alternative other vacancy containing oxyhydrides can also be prepared by the
method.

Figure 3.Experimental vibrational INS spectrumof La2LiHO3 is shown in purple, where the three primary peaks correspond to
vibrations of the hydride anions in each of the three spatial dimensions, whereHx, Hy andHz refers to vibrations in the x-, y- and z-
direction, as reported in [8]The inset shows a visual representation of the spatial asymmetry in the effective bonding potential
experienced by the hydride anions (hydride anions are shown inwhite, oxygen in red and lithium in purple) in its local environment.
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4. Summary

In this studywe have employed the combination ofDINS, ab initio LD calculations and classicalmodels to
deduce a picture of the dynamics and bonding of the hydride anions in La2LiHO3 over a large temperature range.
Based on the success of ab initio LD calculations within the harmonic approximation to predict bothDINS and
INS result over the entire temperature range, we conclude that the hydride anions are tightly bonded in a 3D-
multivariate harmonic potential throughout the studied temperature interval. Furthermore, a large vacancy
population is a key to promote hydride anion diffusion in the perovskite layer of La2LiHO3.Ourfindings are
supported by previous reports usingQENS andAIMD [2, 10]. By comparing, across the entire temperature
range, themeasured SDof the hydride anionmomentumdistribution in La2LiHO3with the prediction for free,
non-interacting particles, we predict the onset of a diffusive regime close to the decomposition temperature, a
phenomenonwhichwas previously observed byQENS [2]. Furthermore, DINS, utilized here for the first time to
study oxyhydrides, emerges as a powerful technique to address aspects of diffusion and bonding in complicated
systems owing to themass-selective nature of the technique.
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