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Quasielastic neutron scattering probing H− dynamics in the H− conductors LaH3−2xOx
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Using an incoherent quasielastic neutron scattering (QENS) technique, we investigate H− dynamics in a
series of oxyhydrides LaH3−2xOx that exhibit characteristic high H− conductivity. In the end member LaH3

(x = 0), two kinds of H− dynamics are identified: the jump diffusion and the localized motion. The jump
length in the jump diffusion mode increases with increasing T . The localized motion is identified as a jump
between the two inequivalent sites. These dynamics are corroborated by our molecular dynamical simulations.
Our QENS data suggest that similar H− dynamics occurs also in oxyhydrides LaH3−2xOx (x �= 0), whose H−

concentration dependence is consistent with the previous measurement of ionic conductivity. We also discuss the
possibility that LaH3−2xOx is an example of H− ion conductors governed by the concerted migration mechanism.
The identified H− dynamics is key to understanding the anomalous hydrogen concentration dependence of the
diffusion coefficient in lanthanum hydrides, which has been a longstanding mystery in this compound.
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I. INTRODUCTION

Hydrogen is widely known to exhibit very large diffusion
coefficients in metals. For example, the diffusion coefficient of
hydrogen in a body-centered cubic Fe metal reaches 10−9 ∼
10−8 m2/s around 300 K, which is comparable with atomic
diffusion in liquids at room temperature [1]. Understanding
the large hydrogen diffusion coefficients in metals is not
only essential for industrial use of materials, as exemplified
by hydrogen embrittlement (hydrogen-induced cracking) and
hydrogen storage, etc., but also has attracted fundamental
interest in anomalous hydrogen diffusion, which is partly due
to the strong quantum properties of hydrogen.

In metals with low solid solubility of hydrogen, such as
Cu, Ni, and Fe, hydrogen migrates through interstitial spaces,
specifically, a tetrahedral site or an octahedral site composed
of the metal frameworks [1]. In the case of metals with high
hydrogen solubility, hydrogen gradually fills the interstitial
spaces with increasing concentration of hydrogen and then,
forms stoichiometric hydrides, e.g., TiH2 and ZrH2. As a
result, the hydrogen diffusion coefficient at a given tem-
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perature goes to zero when the interstitial spaces are fully
occupied [2,3]. Strangely, in contrast, a diffusion coefficient
of hydrogen in LaHx′ (2 � x′ � 3) continues to increase with
increasing x′ [4]. Similar tendency is also observed in YHx′

(1.8 � x′ � 2.1) [3]. Although a collective motion of hydro-
gens is suggested for the origin of these anomalous diffusions,
much remains unclear about microscopic hydrogen dynamics
in LaHx′ .

Recently, Fukui et al. reported high conductivities
of hydrogen ions in a series of oxyhydrides LaH3−2xOx

(x �= 0), which are derivative materials of LaH3 by a partial
substitution of O2− ions for hydrogen ions [5,6]. They have
also established that a conductive hydrogen in these materials
is not a proton H+, but a hydride ion H− [5,6]. Because the
diffusion coefficients of H− in these materials, especially with
x < 0.25, are comparable to those in LaHx′ [4,6], a similar
H− conduction mechanism is expected. Elucidation of unique
H− dynamics in LaHx′ and LaH3−2xOx will provide useful
guidelines for designing other H− conductive materials,
which have growing interest for their potential to realize
novel energy storage and conversion devices with high energy
densities [7–14].

An incoherent quasielastic neutron scattering (QENS)
technique is a powerful method to investigate microscopic ion
dynamics [15,16]. Because the incoherent scattering function
is derived from the self-correlation function, the incoherent
QENS can directly measure dynamics of ‘each’ mobile ion,
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such as self-diffusion and atomic localized motion [15,16].
In this paper, we apply the incoherent QENS technique to
investigation of H− dynamics in a lanthanum hydride LaH3−δ

with δ < 0.09 and oxyhydrides LaH3−2xOx. We identify
two kinds of microscopic H− dynamics in the end member
LaH3−δ; a jump diffusion with increase of diffusion length on
increasing T , and a back-and-forth jump between neighboring
tetrahedral and octahedral sites, which would be key dynamics
to the anomalous x′ dependence of the diffusion coefficient
in LaHx′ . These dynamics are corroborated by our molecular
dynamical (MD) simulations. Although the QENS intensities
are smaller, the H− dynamics in oxyhydrides LaH3−2xOx (x �=
0) looks similar to that in LaH3−δ . We also discuss that the
origin of the high H− conductivity in this system is explained
by a so-called caterpillar model or a concerted migration
model.

II. EXPERIMENTS AND ANALYSES

All of the samples used in this study are polycrystalline
powder form. The details of the synthesis are described in
Ref. [5]. For the QENS measurements, the powder sam-
ples were wrapped in Al foils under the He atmosphere,
and then the Al foils in the form of the cylindrical shape
were inserted and sealed in an Al sample cell with He
gas. To reduce the neutron transmittance to 90%, we use
La4H4O4, La4H6O3, La4H8O2, and LaH3−δ , with the weights
of 5.11, 3.68, 2.68, and 1.69 g, respectively (see below
about notation of these chemical formula). The correspond-
ing thicknesses of the samples after wrapping the Al foils
are roughly 0.55, 0.4, 0.3, and 0.2 mm, respectively. The
proportions of the incoherent scattering cross section of H
to the total cross section of La4H4O4, La4H6O3, La4H8O2,
and LaH3−δ are 63.4%, 72%, 77.3%, and 83.4%, respectively,
while those of the coherent one are 1.4%, 1.6%, 1.7%, and
1.8%. Therefore, almost all QENS signals from H originate
from the incoherent scatterings. The QENS measurements
with the time-of-flight method were performed using the
near-backscattering spectrometer with high energy resolu-
tion, DNA, installed at BL02 [17], and the cold-neutron
disk chopper spectrometer, AMATERAS, installed at BL14
[18], in the Materials and Life Science Experimental Facility
(MLF) of the Japan Proton Accelerator Research Complex
(J-PARC). In the experiments at DNA, the final neutron en-
ergy of 2.08 meV was selected using Si (111) analyzers. A
frequency of the pulse-shaping choppers and their slit sizes
were set to 225 Hz and 3 cm × 3 cm, respectively, which
leads to the energy resolution of 3.6 µeV at E = 0 eV (full
width at half maximum) and the observable energy range of
−40 µeV � E � 100 µeV. These conditions enable us
to investigate the migration dynamics in a time range about
between 40 ps and 1.15 ns. The chopper setting employed
in the experiments at AMATERAS enabled us to simultane-
ously obtain the data for the incident energies Ei’s of 7.7,
3.1, and 1.7 meV (the multi-Ei mode [18]) with the energy
resolutions of 0.21, 0.055, and 0.023 meV at E = 0 eV
(full width at half maximum), respectively. The resolution
functions of each sample were measured below 10 K in
both experiments. Note that the highest temperatures in each
sample are below the hydrogen desorption temperatures [5].

The time-of-flight data were converted to a neutron scatter-
ing function S(Q, E ) map and analyzed using the UTSUSEMI

software [19].
The measured S(Q, E ) was fitted to the following function:

S(Q, E ) = A0(Q)δ(E ) + A1(Q)L1(Q, E )

+ A2(Q)L2(Q, E ) + CB.G., (1)

convoluted with the resolution function R(Q, E ). The delta
function δ(E ) describes the elastic component, which includes
the contribution from the sample cell and the instruments,
and CB.G. is the constant background. In our data, QENS
components are described by the Lorentz function Li(Q, E )
(i = 1, 2),

Li(Q, E ) = 1

π
· Γi(Q)/2

E2 + [Γi(Q)/2]2
, (2)

where Γi is the full width at half maximum (FWHM) of the
Lorentzian. Aj’s ( j = 0, 1, and 2) measure the strength of each
component. The fitting procedures were performed using the
PAN program in the DAVE software package [20].

Neutron diffraction measurement for the deuterated LaD3

was carried out using the high-intensity total diffractometer
(NOVA) installed at BL21 in MLF, J-PARC. The sample with
the weight of 1.32 g was sealed into a sample cell composed
of V 96.4%-Ni 3.6% (with an outer (inner) diameter 6 (5.8)
mm) under the Ar atmosphere. The FULLPROF software was
used for the Rietveld analysis [21]. The image of the crystal
structure in Supplemental Material (SM) [22] Sec. A was
generated using the VESTA software developed by Momma
and Izumi [23].

III. RESULTS AND DISCUSSION

A. Crystal structures and typical neutron scattering
results of LaH3−2xOx

First, we describe the crystal structures of the target com-
pounds, LaH3−2xOx, and introduce another notation of their
chemical formulas. As shown in Fig. 1(a), LaH3 crystallizes
in an α-BiF3 type structure with space group Fm3̄m, in which
La3+ ions form a face-centered-cubic (f.c.c.) lattice. There
are two kinds of anion sites, the tetrahedral (Tet) and the
octahedral (Oct) sites, center of the La4 tetrahedron and La6

octahedron, respectively [4,24,25]. Note that LaH3 tends to
have a small number of H− defects [4,24]. Indeed, our sample
used in this article is determined as LaH3−δ with δ < 0.09.
As long as δ �= 0, our conclusions do not depend on the
precise value of δ. As revealed by the previous study [5], a
partial substitution of O2− for H− introduces a vacant site
to preserve charge neutrality and leads to slight distortion
from the La f.c.c. lattice to a tetragonal lattice (P4/nmm).
However, the tetragonality is quite small [5]. Thus, we employ
the pseudo-f.c.c. unit cell in this article to make a compari-
son easier. Accordingly, notation of chemical formulas of the
oxyhydrides are replaced with La4HyO(12−y)/2 (4 � y � 12)
to explicitly show the number of H− in the pseudo-f.c.c. unit
cell. In short, LaH2O0.5 (x = 0.5) and LaHO (x = 1) in the
literature [5] correspond to La4H8O2 and La4H4O4 in this
paper, respectively. As determined by the previous study [5],
O2− and H− preferentially occupy the Tet sites, and remaining
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FIG. 1. (a)–(c) Crystal structures of (a) LaH3, (b) La4H8O2, and (c) La4H4O4, with a convenient unit cell that we use in this article.
Although an original lattice system of La4H8O2 and La4H4O4 is tetragonal (P4/nmm), La ions approximately form the f.c.c. unit cell. (d)–(f)
Typical S(Q, E ) maps of (d) LaH3−δ , (e) La4H8O2, and (f) La4H4O4. The data shown in upper panels are results at each of the highest
temperatures in the experiments. For visibility, intensities of the data for LaH3−δ are multiplied by 0.5. Note that rather large seeps of intensities
around Q = 2.0 Å−1 in LaH3−δ are due to the Bragg reflection.

H− occupy the Oct sites in these compounds, namely, in
La4H4O4, 4O2− and 4H− occupy the Tet sites and the Oct
sites are vacant [Fig. 1(c)], while in La4H8O2, 2O2− and 6H−
occupy the Tet sites and the remaining 2H− occupy the Oct
sites [Fig. 1(b)].

Figures 1(d)–1(f) show the typical neutron scattering
function, S(Q, E ), of these compounds as a function of mo-
mentum (Q) and energy (E ) transfers. The data of La4H8O2

[Fig. 1(e)] are representative of QENS data; at 400 K, only
incoherent elastic scattering is observed (no Bragg peak
in this Q range), whereas at 607 K, a broad symmetric
incoherent quasielastic scattering due to a H− migration
appears (the incoherent scattering cross section of oxygen is
0). With smaller intensities, similar feature can be seen in
La4H4O4 [Fig. 1(f)]. In the end member LaH3−δ [Fig. 1(d)],
more conspicuous QENS spectra are observed and, moreover,
the H− migration occurs even at 300 K, although there are
only a small number of vacant Oct sites to hop over in this
compound. As shown in SM Sec. D [22], the H− migration

in LaH3−δ starts at such low temperature as 175 K. These
results indicate that the key factor in the high mobility of
H− in La4HyO(12−y)/2 is a concentration of H−. On the other
hand, our MD simulation shows that the H− migration does
not occur in LaH3 (δ = 0) even at 473 K, whereas the slight
H− defects with δ = 0.02, 0.01, and 0.002 cause the H−
migration (see SM Sec. F [22]). Therefore, the small number
of the vacant Oct sites is also essential for H− migrations.

B. Fitting results of the S(Q, E ) spectra for LaH3−δ

First, we focus on the H− dynamics in LaH3−δ . As shown
in Fig. 2, the S(Q, E ) spectra of LaH3−δ above 300 K are well
fitted by introducing the two kinds of Lorentzian components,
L1(2). The FWHM of L1 shows characteristic Q dependence as
will be shown later, while that of L2 are almost independent
of Q as shown in the inset of Fig. 2. These features corrob-
orate a jump diffusion mode (L1) and a localized mode (L2),
respectively [15,16].
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FIG. 2. Typical fitting results of the S(Q, E ) spectra for LaH3−δ

at 470 K. An inset shows Q dependence of a full width at half
maximum (FWHM) of L2 at several temperatures.

Figure 3(a) shows the Q dependence of the FWHM Γ (Q)
of L1. To parametrize this diffusion process, we use the
Chudley-Elliott model as a fitting function, which is the
simplest one to describe the jump diffusion [15,16,26],

Γ (Q) = 2h̄

τ

(
1 − sin Ql

Ql

)
, (3)

where τ and l are a residence time and a jump length, respec-
tively. The fitting is in excellent agreement, provided that the
fitting parameter l gradually increases with increasing temper-
ature, as shown in Fig. 3(b). It should be noted that this result
does not straightforwardly correspond to a jump length of the
H− diffusion in LaH3−δ because the Chudley-Elliott model
only describes a jump diffusion between equivalent sites. Be-
cause the length between the Tet and (adjacent) Oct sites is
the shortest in LaH3−δ , we can assume that H− ions always
migrate through this path as an elementary jump process,
which is consistent with our MD simulation. This migration
path is often assumed in discussing anion dynamics in sev-
eral compounds in which host metals form an f.c.c. lattice,
such as PdHx [27–30] and fluorite-type compounds [13,31].
A possible interpretation of the increase of l is as follows: At
lower T , the H− migration that looks like the jump between
the Tet sites is dominant in the timescale of our measurement,
although the elementary jump process is the jump between the
Tet and (adjacent) Oct sites; with increasing T , the proportion
of the H− migration that looks like the jump between the
Oct sites increases owing to the growing thermal fluctuation.
Note that the crystal structure of LaH3−δ does not change with

increasing T (see SM Sec. A [22]). Such an increase of l in the
diffusion mode is also observed in several hydrides [32,33].

The diffusion constant, D, is related to τ and l as
D = l2/(6τ ). The obtained value of D at 470 K is 3.5
× 10−10 m2/s, which is consistent with the previous nuclear
magnetic resonance results for LaH2.92 (2.5 × 10−10 m2/s at
500 K) [4]. The T dependence of D follows the Arrhenius
law [D = D0exp(−Ea/kBT )] and the activation energy Ediff

a
of this H− diffusion process is deduced as 159(18) meV
[Fig. 3(c)]. This value also agrees well with the reported
activation energy (enthalpy) of LaH2.92 (170 meV) [4].

The localized motion can be analyzed and described by
the Q dependence of the elastic incoherent structure fac-
tor, EISF(Q), which is originally defined as A0/(A0 + A2)
[15,16]. However, the diffusion component A1 with a tiny
width also exists and A0 is difficult to extract from our QENS
data for several temperatures. Therefore, following Ref. [34],
we modify the definition of EISF(Q) to account for the
resolution-limited diffusion mode. This definition is based on
the condition that only A2 contributes to 1 − EISF(Q), and
thus EISF(Q) is given by (A0 + A1)/(A0 + A1 + A2) [34].

The EISF(Q) deduced is shown in Fig. 3(d). The best fit to
EISF(Q) is accomplished by a model with the jump between
Tet and Oct sites:

EISF(Q) = 1

(1 + ρ)2
(1 + ρ2 + 2ρ j0(Qd )), (4)

where j0(x) = sin x/x is the spherical Bessel function of the
zeroth order and d = 2.43 Å (fixed) is the jump length between
the Tet and Oct sites. ρ is a ratio of mean residence times. The
reciprocal of the residence time in each site corresponds to a
jumping rate. Since the residence time at the Tet sites is longer
than that at the Oct sites, ρ is defined as τOct/τTet. As shown in
Fig. 3(e), ρ increases with increasing T . This indicates that at
lower T , τTet is much longer than τOct, while with increasing
T , they become similar to each other due to the growing
thermal fluctuation. We find that the Q averaged FWHM of
L2 also follows the Arrhenius law [Fig. 3(f)], which gives the
activation energy E loc

a = 101(9) meV of this localized mode.

C. Discussion of H− dynamics in LaH3−δ

The Lorentzian width Γ2 of the L2 mode is characterized
by the two main features: (i) Γ2 depends little on Q (Fig. 2,
inset) and (ii) Γ2 obeys the Arrhenius law with the activation
energy E loc

a ∼ 100 meV [Fig. 3(f)]. Feature (i) suggests
an essentially localized character of the relaxation while (ii)
necessitates a potential barrier in the relaxation process. If
the barrier is along the hopping path of H− from a Tet site
to one of neighboring Oct sites, the local relaxation means
that the relevant H− must come back to the original Tet site.
Otherwise, the jumping motion contradicts feature (i) and
such motion is in fact described by the jump-diffusion process
in the Chudley-Elliott model.

Since H− ions have large electronic polarizability [5,6],
a move of H− would cause a deformation of the La frame-
work. The timescale of the fluctuations (vibrations) of La3+

ions should be longer than those of H− ions because of the
much larger mass. Thus, this deformation of the La framework
would break the translational symmetry in the timescale of
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FIG. 3. (a) Q dependence of the FWHM of L1 above 300 K. The solid curves are the fitting results of the Chudley-Elliott (C.-E.) model.
(b) T dependence of the jump length l determined by the C.-E. model fitting. (c) Arrhenius plot of the diffusion coefficient D. Note that the
residence time τ itself follows the Arrhenius law. However, because l also changes with changing T , the activation energy is derived from the
T −1 dependence of D. (d) Q dependence of the elastic incoherent structure factor, EISF. The solid curves are the fitting results of the jump
model between two inequivalent sites. The data of 300 and 330 K are omitted since they are rather scattered due to the small intensities. Inset
shows the reciprocal of the residence time corresponding to the jumping rate. (e) T dependence of a ratio, ρ ≡ τOct/τTet of the residence times
τOct and τTet in the localized mode. (f) T −1 dependence of FWHM of L2, which are averaged over Q measured. Error bars are estimated from
the standard deviations in fitting.

the H− migration. To investigate the dynamics of La3+ and
H− ions and local events in the atomistic point of view, we
constructed DFT-based neural network potential (NNP)
[35,36] for LaH3−δ , and analyzed the H− migration barri-
ers using the climbing image nudged elastic band method
(CI-NEB) [37] with the DFT-NNP. The details of the com-
putational conditions are shown in SM Sec. E [22]. First, we
calculated the migration barrier for a single H− jump from
a Tet site to the nearest Oct site, and obtained the migration
barrier for the single jump as 0.11 eV (see Fig. S7(c) in the
SM [22]), whose value agrees well with E loc

a = 101(9) meV.
According to the CI-NEB calculation, the H− at the Tet site
jumps into an off-center position of the neighboring vacant
Oct site, which is unexpectedly closer to the Tet center. As
a result, the emptied Tet site can be filled again more likely
by the returning H− rather than by another H− at near Oct
sites. The ensuing two-site processes will be the origin of the
localized mode. On the other hand, we also obtained another
event in which the vacant Tet site is promptly occupied by
an H− from another Oct site. The event is composed of two
steps: (i) the first H− jump (Tet to an off-center Oct) and (ii)
the second H− jump (Oct to the vacant Tet site), which show
the barriers of 0.11 and 0.04 eV, respectively (Figs. S7(a)
and S7(b) in the SM [22]). For the timescale of our QENS

measurement, a series of this process would be observed as
the diffusion mode. Hence, it is natural that both kinds of
relaxation, two-site and diffusive migration processes, appear
in the QENS of the present system. These results also suggest
that the two modes are interconnected with each other due to
the common elementary jump process between the Tet and
adjacent Oct sites. The activation of the effective jump be-
tween adjacent Oct sites (ρ → 1) due to the growing thermal
fluctuation with increasing T causes the increase of l in the
diffusion mode. This may be evidenced by the closeness of
the activation energies of the two modes. This interconnection
between the two modes becomes easier to occur with increas-
ing the concentration of H− at the Oct sites, which leads to the
anomalous x′ dependence of the diffusion coefficient in LaHx′ .

Here, we point out that these interconnected dynamics
are compatible with a so-called caterpillar model [38] or a
concerted migration model [39]. The caterpillar model was
originally proposed by Yokota in 1966 [38] to explain the
small Haven ratio in fast ion conductors, which describes the
deviation from the Einstein relation between mobility and a
diffusion constant of a mobile ion. This model allows mobile
ions to jump into even an occupied site, which results in
introduction of cooperative jumps of several ions [38]. Sub-
sequently, He et al. showed that such a concerted migration
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FIG. 4. (a), (b) Typical fitting results of the S(Q, E ) spectra for (a) La4H8O2 at 607 K and (b) LaH3−δ at 270 K. A fitting function is
composed of the elastic term δ(E ), the single Lorentzian L(Q, E ), and the constant background, all of which are convoluted with the resolution
function. (c)–(f) Q dependence of EISF [(c), (e)] and FWHM [(d), (f)] for La4H8O2 and LaH3−δ , respectively, which are obtained by the fitting
to the single Lorenzian. Error bars are estimated from the standard deviations in fitting.

of multiple ions has a lower energy barrier than the original
energy barrier determined by the crystal framework, as a result
of ion-ion interaction [39]. Although the importance of the
cooperative migrations of multiple ions has widely been dis-
cussed for a long time in theoretical studies and macroscopic
conductivity measurements [40,41], a microscopic experi-
mental evidence for the cooperative migrations is limited. This
is partly because the incoherent QENS does not contain direct
information about the cooperative migrations.

He et al. have also shown in their concerted migration
model that there needs to be energetically inequivalent sites
for mobile ions with occupancy at a higher energy site [39].
The higher energy site should have locally low barriers and
spatially flat energy landscapes, which results in activating the
concerted migration of mobile ions with a reduced migration
energy barrier [39]. Our Rietveld refinement of the neutron
diffraction data for LaD3 reveals that the isotropic atomic
displacement parameter of D at the Oct site is quite large
(SM Sec. A [22]). This is consistent with the very shallow
potential barrier from the Oct site and the spatially flat en-
ergy landscapes. In the case of LaH3, the isotropic atomic
displacement parameter of H at the Oct site would be even
larger due to its smaller mass. Also taking into account that
the key factor in the high mobility of H− in La4HyO(12−y)/2

is a concentration of H− as stated above, we suggest that
the H− dynamics in LaH3 are governed by the concerted
migration. In candidate materials for a fast ionic conduction
governed by the concerted migration mechanism, similar dy-
namics with simultaneous two-site and diffusive migration
processes might be observed by QENS measurements with a
suitable timescale.

D. QENS results and H− dynamics in La4HyO(12−y)/2 (y �= 12)

Let us move on to the QENS results and the H− dynamics
in La4HyO(12−y)/2 (y �= 12). In contrast to LaH3−δ , the spectra
of La4H8O2 even at the highest temperature (607 K) could
not be reproduced by the fitting function (1) with reasonable
parameters. Therefore, we analyzed the QENS data using a
single Lorentzian as a fitting function. Although the spectra
are well described by the fitting function with the single
Lorentzian as shown in Fig. 4(a), there are some strange fea-
tures in the parameters obtained: (i) The FWHMs are almost
independent of T (and Q) [Fig. 4(d)]. (ii) Although the Q
dependence of the FWHM suggests that there is a localized
H− dynamics in La4H8O2, the EISF [which is defined as
A0/(A0 + A1) in this case, Fig. 4(c)] could not be reproduced
by any models that we tried. With forcible fittings, these
models provide large distance parameters (>20 Å) despite a
localized dynamics.

It is worth mentioning here that the spectra of LaH3−δ

below 270 K are not reproduced by the fitting function with
two Lorentzians and that the parameters obtained by the fit-
ting to the single Lorentzian resemble those of La4H8O2 [see
Figs. 4(e) and 4(f)]. Moreover, when we perform the single
Lorentzian fitting to the data of LaH3−δ above 300 K, the
strange feature (i) disappears at the boundary T ∼ 300 K
where the fitting function with two components comes to
work. These results indicate that because the FWHM of the
L1 mode starts to enter the resolution limit below 270 K and
the intensity of the L2 mode decreases with decreasing T , the
observed QENS spectra are hard to distinguish between the
two components. The situation in La4H8O2 may be similar to
that in LaH3−δ below 300 K and, therefore, the H− migrations
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would also be similar in La4HyO(12−y)/2 (y �= 12). As shown
in SM Sec. B [22], the results of the mode distribution anal-
ysis (MDA), which is a model-free analysis, also confirm the
above conjecture.

Even though the H− dynamics are similar in both LaH3−δ

and La4H8O2, there is a large difference in the temperatures
that H− starts to migrate: T ∼ 175 K in LaH3−δ and T ∼
500 K in La4H8O2. This result might be due to the existence of
O2− ions as well as the vacant Oct sites. Indeed, the previous
MD calculations showed that H− ions in the vicinity of O2−
ions hardly migrate [5,42]. As mentioned in Sec. III C, the
incoherent QENS technique does not tell whether these dy-
namics originate from the concerted migration or individual
jumps of H−. Therefore, the migration mechanism possibly
differs between LaH3−δ and La4H8O2, although the QENS re-
sults suggest that the H− dynamics are similar in both LaH3−δ

and La4H8O2.
We add that the recent detailed MD simulation for

La4HyO(12−y)/2 (y �= 12) suggests that the H− diffusion mech-
anism in La4HyO(12−y)/2 (y �= 12) considerably differs from
that in LaH3−δ [42]. Our QENS data could not determine such
a difference, so further QENS measurements with a slower
timescale are highly desirable.

IV. SUMMARY AND CONCLUSION

Our QENS measurements and MD simulations directly
determine the two kinds of H− dynamics in LaH3−δ; the
long-range diffusion and the localized jump between the

Tet and Oct sites. The MDA results combined with the
single Lorentzian fitting results of La4H8O2 at 607 K
suggest that the H− dynamics in La4HyO(12−y)/2 (y �=
12) is similar to that in LaH3−δ . Although our results
do not provide direct evidences of the concerted migra-
tion mechanism, the following points seem to agree with
this mechanism: (i) the key factor in the high mobil-
ity of H− in La4HyO(12−y)/2 (y �= 12) is a concentration
of H−, (ii) the common elementary jump process of
the two modes is the jump between the Tet and adja-
cent Oct sites, and (iii) the Oct site has the spatially
flat energy landscapes. This article provides the detailed
microscopic picture of H− dynamics in La4HyO(12−y)/2,
which results in the anomalous diffusion with high
conductivity.
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