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ABSTRACT: Quasielastic neutron scattering (QENS), underpinned by ab-initio molecular dynamics (AIMD) simulations,
has been used to directly observe oxide ion dynamics in solid electrolyte La,Mo0,0O, on the nanosecond timescale, the longest
timescale probed in oxide ion conductors by neutron scattering to date. QENS gives the activation energy of 0.61(5) eV for
this process, while AIMD simulations reveal that the exchange processes, which ultimately lead to long-range oxide ion
diffusion in La,Mo,0,, rely on the flexibility of the coordination environment around Mo®, with oxide ions jumps occurring
between vacant sites both within and between Mo coordination spheres. Simulations also differentiate between the crys-
tallographic sites which participate in the oxide ion exchange processes, offering the first atomic-level understanding of the
oxide ion dynamics in La,Mo,O,, which is consistent with the macroscopic experimental observations on this material.

Introduction

Oxide ion conductors are of considerable interest due to
their range of environmentally and energy-related applica-
tions including oxygen sensors, pumps, separation mem-
branes and solid oxide fuel cells (SOFCs). Understanding
the structural characteristics and resulting conduction
pathways in these materials is a key requirement in im-
proving their properties through smart design.

One material that has been the subject of much research
interest is La,Mo,0,, whose oxide ion conducting proper-
ties were first reported by Lacorre et al.' The conductivity
reaches 6 x 102 S cm™ at 8oo °C after an abrupt increase of
two orders of magnitude ~550 °C, accompanying a phase
transition from the low temperature o-form to the high
temperature B-form. The average structure of the high
temperature B-La,Mo,O, is cubic, with space group P23
and a cell parameter a = 7.20 A2 It contains a single unique
Mo site and three unique O sites.3 The room temperature
a-structure was found to be a complex superstructure with
unit cell dimensions of ~ 2a x 3a x 4a relative to
B-La,Mo,0, and a very small monoclinic distortion.# The
oxygen atoms in this phase are distributed over 216 unique
sites making up 4-, 5- and 6-coordinate MoO, polyhedra
(Figure 1, left). The B-structure represents a time and space
average of the a-form, and the a-to-f structural phase tran-
sition corresponds to an order-disorder transition which
results in the increased mobility of the oxide ions in the
material (Figure 1, right); this relationship was subse-
quently confirmed by a neutron total scattering study.5 The
relationship between the two forms of La,Mo,0, suggests

that the oxide ions from all unique crystallographic sites
participate in the conduction process in the highly con-
ducting high-temperature form#, as had been implied by
the low frequency internal friction measurements.®
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Figure 1. (Left) the room temperature structure of o-
La,Mo,O, emphasising different MoO, coordination polyedra;
(Right) structure of B-La,M0,0, and disordered coordination
environment around each Mo.

Research into La,Mo,0,and related materials has largely
been focused on trying eliminate the abrupt structural
phase transition and stabilise the highly conducting
B-form at lower temperatures. This has been attempted by
doping with a large number of different cations including



alkali metals7-9, alkali earths® ', rare earths> "¢ Bi79 and
Pb?° on the La site and transition metals? 3162122 and S9
on the Mo site. In many cases this has been successful,
leading to higher conductivity at lower temperatures than
in the parent material. In addition, the phase transition has
been shown to be suppressed in La,Mo0,0O, nanowires
which also show extremely high conductivity.> These suc-
cesses have led to further investigation of the utility of
these materials in SOFCs as both the electrolyte*+>¢ and the
anode 729

Investigation into the precise mechanisms of conduction
in La,Mo,0,, on the other hand, has been relatively sparse.
Initially it was assumed that the partially occupied Oz and
O3 sites were the cause of conductivity, with the Oz sites
remaining static.® It was also observed that doped com-
pounds that maintain the B-phase at low temperature ex-
hibit a change from Arrhenius to Vogel-Fulcher-Tammann
(VFT) behaviour at higher temperatures.3 A study by Cor-
bel et al.>° proposed that the cause of the increasing con-
ductivity was expansion of the faces of the oxygen-centred
O1La;Mo tetrahedral units, allowing the O1 atoms thought
to be static to leave their site and diffuse to partially occu-
pied sites on adjacent Mo atoms. This extra conduction
path was therefore proposed to be the origin of the VFT
behaviour. However, this study was carried out on a Bi-
doped sample rather than the parent compound. An ab in-
itio molecular dynamics (AIMD) study of La.Mo0,O, by Hou
et al3 also found that O1 atoms were involved in oxygen
diffusion, being a part of one of the two diffusion paths
found. Their study involved only a small simulation box
consisting of a single B-unit cell and did not investigate ex-
plicitly how the mechanisms changed with temperature.
Recently, Kezionis et al.3* reported an analysis based on a
distribution of relaxation times using broadband imped-
ance spectroscopy. They observed two relaxation processes
in La,Mo,0O,; one process which is present in both low- and
high- temperature phases, although reaching a maximum
around the phase transition, and a different process which
dominates in the B-phase. They proposed that the reason
for the continued presence of the first process in the high
temperature phase could be due to it being a part of the
other process.

To provide proper atomic-level insight into oxide ion dy-
namics in La,Mo,0, we have used a combination of qua-
sielastic neutron scattering (QENS) and density functional
theory (DFT) calculations. QENS is a technique well suited
to studying diffusion phenomena in solids.3 It enables the
determination of, on one hand, the overall diffusion coef-
ficient and, on the other, the study of the single elementary
atomic jump process. So far, numerous interesting studies
have been carried out on the diffusion of hydrogen in met-
als,34 in intercalation compounds,?s and in solid state pro-
ton conductors3®37. Despite the ability of QENS to directly
observe microscopic oxygen diffusion dynamics, study of
oxide ion conductors using this technique has so far only
been reported in a few studies, and on timescales of pico-
seconds3739 to hundreds of picoseconds.4>#

In this paper we present the first quasielastic neutron
scattering (QENS) study of oxide ion dynamics on a nano-
second timescale, investigating diffusion processes in the
fast ion conductor La,Mo0,0,. We also present the findings
from an in depth ab-initio molecular dynamics (AIMD) in-
vestigation into La,Mo,0,, with a larger simulation box
and significantly longer simulation time than that previ-
ously reported. From this combination of experimental
and computational approaches, we provide new atomic-
level insight into the conduction processes occurring in
this material.

Experimental
Synthesis of samples for IN16b and IN6 experiments

Samples of La,Mo,0, were prepared from stoichiometric
amounts of La,0; and MoO,. The reactants were thor-
oughly mixed and ground together then placed in an alu-
mina crucible and fired at goo °C for 72 hours with inter-
mediate grinding and heating and cooling rates of 5 °C
min™. Sample purity was confirmed by laboratory powder
X-ray diffraction (PXRD).

X-ray Diffraction

Variable temperature X-ray diffraction (VT XRD) exper-
iments were carried out on a Bruker AXS D8 Advance dif-
fractometer with a Vantec detector, Cu Ke, radiation, and
an Anton Paar HTKi200 high-temperature attachment and
a Vantec detector. The VT XRD data for the extraction of
the unit cell parameters of La,Mo,0, were recorded over a
20 range of 10-120° on heating and cooling between room
temperature and 800 °C with a temperature increment of
10 °C and with a collection time of 15 minutes at each tem-
perature. A small amount of AL,O; was used an as internal
standard. All data were analysed by Rietveld fitting# using
TOPAS Academic.®® The data in the entire temperature
range were fitted using the monoclinic structural model,
by varying the unit cell parameters and three isotropic
temperature factors (one each for La, Mo and O).

Quasielastic and Inelastic Neutron Scattering

Neutron scattering data probing picosecond timescales
were collected on time-of-flight spectrometer IN6 at the
Institut Laue Langevin (ILL) with an incident neutron
wavelength of 5.92 A. Data were collected at 200 °C and
from 500-900 °C in steps of 100 °C. At each temperature
data were collected for 8 hours. Data were also collected
on a vanadium sample at 20 °C for 6 hours to provide the
instrument resolution function.

Neutron scattering data probing nanosecond timescales
were collected on the backscattering spectrometer IN16b
at the ILL. A 10 g powdered sample was placed in a cylin-
drical Nb sample holder and exposed to neutrons with an
incident wavelength of 6.27 A. Initially measurements of
elastic intensity were made from 450-900 °C with a heating
rate of 1/n10 °C s. Data points were counted every 60 sec-
onds. After confirming the onset of dynamics occurring at
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560 °C, QENS measurements were performed at eight tem-
peratures between 550 °C and 750 °C with an energy trans-
fer window of +10 peV. Data were collected for 3 hours at
each temperature except at 570 °C, just after the onset of
dynamics, for which a total of 6 hours of data were col-
lected. For the analysis of QENS data, a resolution function
was determined from low temperature data from the sam-
ple and a standard vanadium sample - the resolution full-
width at half-maximum was o.73 peV. The data from both
the IN6 and IN16b neutron scattering experiments were
analysed using the LAMP software.#

Computational

Ab-initio molecular dynamics (AIMD) calculations were
carried out using the DFT method implemented in the
VASP code.# The simulations were performed on a2 x 2 x
2 supercell of the cubic high temperature P23 structure?
giving a simulation box containing 32 La, 32 Mo and 144 O
atoms, the largest computationally feasible on a realistic
time scale. The O2 and O3 locations were chosen using a
random number generator from the partially occupied
sites in the high temperature structure in order to match
the required stoichiometry and site occupancies. Note that
the 500°C AIMD calculation does not refer to the larger 2 x
3 x 4 monoclinic cell which describes the long-range aver-
age structure at this temperature. The same simulation box
used for all simulations for consistency, however, is repre-
sentative of the local structure of the material in this entire
temperature range, as demonstrated by PDF analysis based
on neutron total scattering data.5 In light of this, the 500°C
AIMD simulation is only proposed as a baseline for the dy-
namics of highly-conductive cubic form of La,Mo,0, stable
at higher temperatures. PAW pseudopotentials#® were
used with GGA-PBE functionals.#” The electronic structure
was sampled only at the gamma point. The AIMD calcula-
tions were performed at 500 °C, 800 °C, 9goo °C and 1000 °C
in the NVT ensemble. For the 500 °C and 1000 °C simula-
tions 3.25 x 105 steps of 2 fs were calculated giving a total of
650 ps of simulation time. For the 800 °C and 9oo °C tem-
peratures 50,000 steps were calculated giving 100 ps of sim-
ulation time. Mean square displacements and density of
states were produced using the MDANSE code“® and cloud
plots for trajectory visualisation were produced using
LAMP.# A phonon density of states (DOS) was also deter-
mined from gamma-point phonons using DFT with the fi-
nite displacement method. This calculation was performed
on a slightly smaller 2 x 2 x 1 supercell, produced in the
same way as the 2 x 2 x 2 supercell described above, but for
which the calculation time was ten times shorter.

Results and Discussion
Probing Dynamics on the Picosecond Timescale

Figure 2 shows the inelastic neutron scattering data col-
lected on IN6. The variation of the angle-integrated scat-
tering function, S(w), with temperature shows inelastic
contributions that increase in amplitude with increasing

temperature. This increase can be accounted for at all tem-
peratures by the phonon Bose population factor, and
therefore there is no quasielastic signal. The oxygen diffu-
sion dynamics in La,Mo,O, are therefore slower than the
picosecond timescales probed by IN6 and previously ob-
served in Bi,Mo0,,06,® and Sr,Fe,05.3°
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Figure 2. The Q-integrated scattering function, S(w), against
neutron energy transfer at various temperatures for a sample
of La,Mo0,0, measured on IN6. A resolution function from a
vanadium sample has been provided for comparison.

Figure 3a shows the density of states measured on IN6 at
900 °C compared with the density of states calculated from
complementary AIMD simulations at 1000 °C and DFT
phonon calculations. All three curves match closely, with
the two main peaks located at 20 and 40 meV clearly pre-
sent in all three cases. The two calculated DOS curves both
have a third peak at 100 meV, whereas the experimental
DOS is not so clear at high energies since the high energy
phonons are weakly populated at the temperature of the
measurement and the Bose population factor is applied to
a weak signal.
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Figure 3. a) Phonon DOS calculated from AIMD and DFT
phonon calculations compared with experimental results
from IN6 neutron scattering. The calculated curves have been
weighted according to neutron scattering power of La, Mo and
O and all three curves have been scaled to reach a maximum
value of 1. b) Types of modes associated with the three main
peaks in the DOS. The green arrows represent simultaneous
atom movement with the size scaled to the distance moved.
Red atoms are O and blue atoms and polyhedra are Mo.




The agreement between the three methods of determin-
ing the DOS supports the validity of our AIMD simulations
and provides evidence that conclusions drawn from them
are reliable. The locations of the peaks are consistent with
those found in similar oxide ion conducting materials such
as Bi,sM0,00s,.38 The phonon calculations allow the identi-
fication of the types of modes that make up each part of
the DOS. The lowest energy modes found in the first peak
are librations of the Mo-O polyhedra; the second peak is
made up of bending modes involving distortions of the pol-
yhedra. These give way to stretching modes found in the
high energy band. Representative examples of these mo-
tions can be seen in figure 3b.

Probing Dynamics on the Nanosecond Timescale

A plot of elastic intensity against temperature for
La,Mo,0, is shown in figure 4. There is a large decrease of
around 30 % in the elastic intensity around 560 °C, deviat-
ing from the gradual decrease in intensity due to Debye-
Waller effects observed elsewhere in the temperature
range. This coincides with the a-to-f phase transition, as
demonstrated by the unit cell volume dependence on tem-
perature shown in figure Si.
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Figure 4. A plot of the elastic intensity against temperature
for a neutron scattering experiment on La2Mo020g carried out
with IN16b. Each temperature point was collected for 6o sec-
onds. Inset: The temperature dependence of the La.Mo,O,
scale factor from Rietveld refinements normalised to an Al,O,
internal standard.

An abrupt decrease of Bragg intensity (beyond that due
to the Debye-Waller factor) can also be observed in the
plot of the variation of the La,Mo0,0, scale factor from
Rietveld refinements against the VT XRD data (figure 4, in-
set), demonstrating the use of laboratory XRD data as a
preliminary screening method for potential neutron scat-
tering experiments. The scale factor shown is normalised
relative to that of an ALQO; internal standard (in which no
phase transition occurs). The observed decrease is around
15 %, lower in magnitude than that seen in the neutron

elastic data, mainly due to the relative scattering power of
oxygen to La and Mo being much lower for X-rays than
neutrons.
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Figure 5. a) S(w) spectra for inelastic neutron scattering meas-
urements on La,Mo,O, at various temperatures with a maxi-
mum energy transfer of 10 peV. The data has been summed
over all Q. A resolution function is also shown. b) Fitting of
the 570 °C dataset.

The phase transition leads to higher conductivity and in-
dicates the onset of oxygen dynamics on the nanosecond
timescales probed by IN16b. These data represent the first
direct observation of oxygen dynamics via neutron scatter-
ing on these timescales which are the longest reported to
date.

Plots of S(w) against energy transfer, figure 5a, for a se-
lection of the measured temperatures show an elastic peak
as well as a clear quasielastic signal above 550 °C that
evolves with temperature. No QENS signal is observed in
the 550 °C data set, which is similar to the resolution func-
tion in terms of linewidth. At 570 °C and above the QENS
signal is very clear, with broadening becoming visually ap-
parent at 610 °C. This broadening becomes very large at
high temperatures with the amplitude of the QENS peak
therefore becoming very low at 750 °C. This broadening is
due to the continued increase in the rate of motion as tem-
perature increases, and the evolution of the full width at
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half maximum (FWHM) of the peak can be used to deter-
mine an activation energy for the dynamic process. To do
this, the QENS features at each temperature were fitted
with a delta function representing the elastic peak and a
Lorentzian for the quasielastic peak, both convoluted with
the resolution function as shown in figure s5b. A flat back-
ground was used in the fitting. The very large broadening
at 750 °C made a reliable fit impossible due to the Lo-
rentzian linewidth being larger than the measured energy
transfer window. Assuming a Chudley-Elliott jump diffu-
sion model the linewidths I' obtained from these fits are
proportional to the diffusion coefficients and so can be ex-
pected to follow an Arrhenius relationship with tempera-
ture.# A plot of In(I') against 1000/T (figure 6) yields an
activation energy of 0.61(5) eV. This is in very good agree-
ment with the value of 0.66(9) eV found by Liu et al.> for
oxide ion diffusion in B-La,Mo0,0, using ®O tracer experi-
ments above 570 °C.
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Figure 6. An Arrhenius plot showing the variation of the spec-
tral linewidth with inverse temperature for QENS signals for
La,Mo,0, over a 560-700 °C temperature range. The lin-
ewidths were determined by least squares fitting and the error
bars represent the uncertainties from these fits.

Both these activation energies are lower than the value
of 1.2 eV found for $-La,Mo,O, by Lacorre et al.! using im-
pedance spectroscopy. Differences between activation en-
ergies determined from macroscopic measurements such
as impedance spectroscopy and microscopic measure-
ments such as neutron scattering or NMR have previously
been reported for oxide ion conductorss: 52, Na* conduc-
tors55 and Li* conductors.5® 57 In the present case it was
also found that the microscopic measurements give signif-
icantly lower activation energies. This is presumably re-
lated to grain boundary or pellet density effects in imped-
ance measurements leading to higher values, whereas the
direct observation of dynamics using neutron scattering
techniques have no (or minimal) dependence on sample
morphology or form.

The Q-dependence of the QENS signal was also analysed
using the Chudley-Elliott model (figure S2).4 The values

for the jump distance, [, and lifetime, 7, obtained are 2.98 A
and 1.8 ns, respectively. The lifetime found is in good agree-
ment with the relaxation time reported by Kezionis et al.3*
for the process occurring at higher temperatures (to which
they refer to as the B-process, equivalent to our process in-
volving O1 atoms, vide infra).

Conduction Mechanisms Investigated by Ab Initio
Molecular Dynamics

AIMD simulations were performed at four temperatures,
with the 500°C representing a baseline with which we com-
pared the dynamics at elevated temperatures, when the
material becomes an excellent ionic conductor. Figure 7a
shows the mean square displacement (MSD) of the oxygen
atoms at each temperature for the first 100 ps calculated.
As expected, the MSDs grow larger as temperature in-
creases indicating increased oxide ion mobility. There is no
evidence of the MSD saturating at any of the temperatures
studied, indicating that the motion is not confined to a
fixed volume.
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Figure 7. a) Mean square displacements for oxygen atoms cal-
culated from trajectories of 100 ps from AIMD simulations at
several temperatures. b) MSDs for oxygen atoms over the en-
tire simulation at 1000 °C and 500 °C
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Figure 8: Variation of the coordination numbers of three Mo atoms over the course of the simulation. The top three are at 500 °C
and the bottom three are at 1000 °C. The same three Mo atoms were chosen at each temperature represented by a/d; b/e; and c/f.

This is in contrast to the MSDs reported by Hou et al.3,
who found saturation at temperatures up to 927 °C, possi-
bly due to the small simulation box they used providing
poor sampling of diffusion events at intermediate temper-
ature. In our simulations, apart from at the lowest temper-
ature simulated, the average displacement is above 2.2 A,
i.e. longer than the shortest distance between different ox-
ygen sites on the disordered MoOjy polyhedra (figure 1), in-
dicating that substantial oxide ion migration between dif-
ferent Mo sites is occurring. Figure 7b shows the MSDs at
500 °C and 1000 °C over the full length of the simulations
carried out at these temperatures. The 500 °C MSD gives a
final average displacement over 500 ps of = 1.9 A, larger
than the shortest distance between potential O sites on the
same MoO; polyhedron, but smaller than the shortest O-
O distance between two adjacent MoOy polyhedra. This
means that some jumping between sites is occurring, albeit
at a significantly lower rate than at the higher temperature;
in this sense the 500 °C simulation, based on a cubic cell
different from the average structure at this temperature
but consistent with the local structure (as explained in the
Experimental), is used only as a baseline with which to
compare the results of the simulations at higher tempera-
ture, and not as a model for the dynamics of the monoclinic
form stable at this temperature. The 1000 °C MSD contin-
ues to grow with time without saturation reaching an av-
erage displacement of ~ 7.1 A, almost equivalent to the
length of a B-La,Mo,0, unit cell edge, indicating signifi-
cant long-range oxide ion diffusion.

In order to compare the number of diffusion events oc-
curring at 500 °C and 1000 °C, the oxide ion jumps that oc-

curred during each trajectory were counted. For this pur-
pose, a jump was defined as an oxide ion moving a distance
of at least 1.5 A (the smallest distance between partially oc-
cupied crystallographic sites shown in figure 1) within 500
simulations steps, and it was noted whether the closest Mo
atom was the same or different before and after the jump.
On this basis, each jump was classified as an intra-MoOj or
an inter-MoOy jump. Table 1 shows the numbers of jumps
recorded at each temperature.

Table 1. The number of intra-MoO, and inter-MoOy
oxide ion jumps counted over the entire simulation at
500 °C and 1000 °C. Percentages of each type are also
shown.

Type of 500 °C 1000 °C
jump Count % Count %
Intra-MoOx 143 62 113 60
Inter-MoO, | 88 38 755 40
Total 231 100 1868 100

At both temperatures approximately 60 % of the events
were intra-MoO, jumps, with the rest being inter-MoO
jumps. This indicates that the overall oxide ion migration
mechanisms in La,Mo,0O, consists of two main processes:
the movement of oxide ions from one site to a vacant site
on the same Mo atom, which is a local motion, and jump-
ing between different Mo atom sites, which accounts for
the long-range motion. It is the ability of Mo%* to support
variable coordination environments that allows this long-
range motion to occur. The average jump distance at both
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temperatures is 1.8 = 0.3 A, which is slightly longer than the
distance between nearest partially occupied crystallo-
graphic sites.

Plots of the evolution of the coordination number (de-
fined here as the number of oxygen atoms within 2.5 A, de-
termined based on the pair distribution function obtained
from the calculations) of each Mo atom throughout the
simulations illustrate that Mo atoms change coordination
number between 4, 5 and 6; this is demonstrated for three
Mo atoms in figure 8. It should be noted that no Mo was
observed becoming 3- or 7-coordinate, which indicates
that an oxide ion can only jump from a 5- or 6-coordinate
Mo to a 4- or 5-coordinate one. The ratio of 4:5:6 coordi-
nate Mo polyhedra in the room-temperature monoclinic
structure is 15:15:18, and the fact that oxide ions cannot dif-
fuse away from a 4-coordinate Mo, enhances the intra-site
diffusion at elevated temperatures. The = 40 % proportion
of inter-MoO, jumps therefore represents significant long-
range diffusion on a similar time-scale as intra-MoO, mo-
tions.

Figures 10a and 10b compare the MSDs of the oxide ions
that are initially located on each oxygen site shown in fig-
ure 6. At 1000 °C (figure gb), the O1, O2 and O3 site oxide
ions all undergo significant displacement, which indicates
that all sites are involved in the long-range conduction pro-
cess at high temperature. However, at 500 °C the MSD of
the O atoms belonging initially to the Oz site saturates very
quickly (figure ga), with an average displacement of = 1.4
A, whereas the Oz and O3 show no sign of saturation. The
distance of 1.4 A is shorter than the distance between the
O sites and O2/03, indicating that the O1 ions at lower
temperatures remain confined to their local site and do not
contribute to conductivity.

The confinement of the O1 ions to their site is further
confirmed by inspection of cloud plots showing the regions
visited by oxygen atoms during the MD simulations. At 500
°C (figure 10a) the clouds for the O1 atoms remain around
one site, and represent local thermal motion. In contrast,
the O2 oxygen atoms move between the available vacant
02 and Og3 sites surrounding a given Mo, i.e. undergo intra-
MoO, motion (figure 10b). While relatively less frequent,
the Oz and O3 oxide ions can also be seen to undergo inter-
MoO, motion, i.e. exchange between different Mo atoms,
as shown in figure 10c where an Oz from a 5-coordinate Mo
moves to a vacant O3 site on an adjacent 4-coordinate Mo.

At 1000 °C the O1 atoms can leave their site and contrib-
ute to the overall conductivity (figure 10d). Corbel et al.3°,
suggested that the O1 oxygens leave their site to jump di-
rectly to Oz and O3 sites on adjacent Mo atoms, a distance
of approximately 2.8 A. However, we found that Oz ions
move to an Oz site within the same Mo coordination
sphere first, and from there follow the same intra-MoOy
and inter-MoO, jump mechanisms as Oz and O3 atoms.

The mechanisms we find are similar to those reported by
Hou et al3 although the key difference is that they found

two oxide ion migration processes occurring at all temper-
atures, one involving the Or site and one without. Our
findings indicate that the Oz sites are activated at higher
temperatures than Oz and O3, providing extra charge car-
riers and vacancies initially allowing for increased intra-
MoO, motion of oxide ions, which then translates into in-
creased long-range inter-MoO, diffusion.
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Figure 9: a) Mean square displacements for oxide ions ini-
tially located in each of the three oxygen sites during the sim-
ulation at 500 °C. b) MSDs for oxide ions initially located in
each of the three sites during the simulation at 1000 °C. Note
that the y-axis scale is around 10x larger in b) than a).

This activation of O1 at higher temperatures agrees well
with the recent experimental observations by Kezionis et
al.? They find two processes leading to the bulk conduc-
tivity in La,Mo,0O,, one below the phase transition (and
persisting above it), equivalent to our low temperature
process involving O2 and O3, and one which appears above
the phase transition, equivalent to our high temperature
process involving O1. Our findings also explain why the
low-temperature process could still be observed at higher
temperatures, as this process still remains as a significant
part of the overall conductivity mechanism. The nanosec-
ond order relaxation times they report for the high temper-
ature process coincide with the timescales observable by
IN16b and agree well with our Chudley-Elliott fitting of the
QENS data. Our simulations show that the high tempera-
ture process involves Or sites with longer jump distances,
which may provide an explanation for the relatively large
(2.98 A) jump distance found in the fit if it is this motion
that is “seen” by IN16b.
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Figure 10. Representative cloud plots showing the space vis-
ited by oxide ions during the course of the AIMD simulations.
a) O1 atoms undergoing localised thermal motion during sim-
ulation at 500 °C. b) O2 atoms undergoing intra-MoO, motion
to an O3 site during the same simulation. ¢) A cloud showing
an inter-MoOy, jump between two adjacent Mo atoms at 500
°C. d) Long-range motion of an O1 ion during the course of
the simulation at 1000 °C.

Conclusions

In this work, quasielastic and inelastic neutron scatter-
ing measurements have been combined with AIMD simu-
lations to directly observe and provide atomic-level under-
standing of the oxide ion dynamics on the nanosecond
time-scale in the solid electrolyte La,Mo.O,,.

We have demonstrated the successful use of the easily
accessible laboratory based VTXRD data as a screening
method for potential neutron scattering experiments. The
QENS measurements suggest that oxide ion diffusion in
La,Mo,0,0ccurs on nanosecond timescales. The activation
energy determined from the QENS measurements, 0.61(5)
eV, is consistent with the values obtained from other tech-
niques. These results represent observation of oxygen dy-
namics by neutron scattering on the longest timescales re-
ported to date. The fitting of the Q dependence of the
QENS signal provides a conductivity timescale that agrees
with macroscopic measurements, further reinforcing the
link between the micro and macroscopic processes.

The AIMD simulations reveal that a combination of var-
iable coordination number of Mo and the ease of move-
ment of oxide ions within an MoO; coordination sphere
ultimately leads to the high long-range conduction ob-
served in La,Mo0,0,. At low temperatures, the dominant
process is the intra-MoO, exchange between the Oz and
O3 sites, although some inter-MoO, motion occurs; the O1
oxygens are confined to their sites and not involved in the
conduction process. At higher temperatures the O1 sites
become involved and the oxide ions become free to move
from Oz to the partially occupied O2 and O3 sites to con-
tribute to the overall conduction mechanism. Long-range
diffusion then proceeds via the exchange of oxide ions in
Oz and Os3 sites in one Mo coordination sphere with O3
and Oz sites on adjacent Mo atoms, assisted by intra-MoOx
jumps within each coordination sphere. While intra- and
inter-site jumps can be distinguished in the simulations,
they occur on similar time- and length-scales of several na-
noseconds and Angstréoms respectively, which is character-
istic of a uniform diffusion process. The time and length
scales obtained from AIMD simulations are consistent with
those obtained from QENS experiments and provide an ex-
planation for values found from Chudley Elliott fitting.

This represents the first atomic-level understanding of
the oxide ion dynamics in La,Mo0,0, which is consistent
with the experimental observations on this material.

ASSOCIATED CONTENT
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