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And Yet It Moves: A High-Temperature Neutron Diffraction
Study of lon Diffusion in the Inverse Perovskites BaLiX;

(X=F, H, D)

Dennis Wiedemann,*!@ Eva Maria Heppke,? and Alexandra Franz®

Abstract: Despite the interest in (anti-)perovskites and diverse
hydrides as hydride conductors and all-solid-state battery mate-
rials, little experimental evidence on anion diffusion in these
compounds is available. Herein, we use neutron diffraction at
high temperatures to discover pathways and estimate activa-
tion barriers of anion migration in mechanosynthesized pow-
ders of BaLiFs, BaLiH3, and BaLiDs. We critically assess the limita-
tions of both current methods for deriving effective one-parti-

\cle potentials (i.e., via modelling of the probability-density func-

tion and via maximum-entropy reconstruction of the scatterer
density). The suggested migration pathways run roughly along
the edges of the LiXs; octahedra with activation energies of
0.45(3), ca. 0.41, and less than 1.44(3) eV in BaLiDs, BaLiHs, and
BaLiFs, respectively. Not only is this the first determination of
diffusion barriers in these hydrides but also the second study
providing any comparative data on the two methods of deriva-
tion.

%

Introduction

What's in a name? More than just the alphabetical order when
it comes to the cations in the title compounds' formulae. Refer-
ring to the common perovskite formula ABX;, the cation with
the higher charge, Ba%*, occupies the cuboctahedrally coordi-
nated position A and the cation with the lower charge, Li*, oc-
cupies the octahedrally coordinated position B (cf. Figure 1). In
analogy to spinels, Roy coined the term “inverse perovskite” for
this arrangement.'! Nevertheless, even sources as popular as
the Wikipedia fail to discriminate them from “antiperovskites”,
in which the roles of anions and cations are swapped.” The
structures of the cubic inverse perovskites BaLiFs, BalLiHs, and
BaLiDs were first elucidated in 1952,3! 1964, and 1968, re-
spectively. The cell lengths of ca. 3.992 A and 4.023(1) A for the
fluoride and hydride,’® reflect the slightly smaller effective ra-
dius of F~ (rg = 1.33 A according to Shannon)”! compared to
H~ (ri; = 1.40 A according to Gibb).!® The resulting Goldschmidt
tolerance factors t = 0.995 and 0.985 for the inverse arrange-
ment are very similar.”) For BaLiD;, an intermediate cell length
of 4.013(5) A is reported, which would in turn lead to an inter-
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mediate tolerance factor. This is consistent with isotope effects
in barium hydrides: The unit cell of BaD, is slightly smaller than
the one of BaH, with the disparity diminishing for higher tem-
peratures (because of the differences in vibrational energy lev-
els).l10

Figure 1. Coordination polyhedra around B = Li (top left), X (top right), and
A = Ba (bottom) in the inverse cubic perovskites BaLiX;. Gray: Ba%*, pink: Li*,
green: X7; ions with arbitrary radii, unit cell in black.

Beginning with the discovery of these compounds, a fluor-
ide-hydride analogy was assumed and later established as a
more general crystal-chemical principle:l'"! Not only are BaLiXs
the sole compounds in their ternary systems Ba-Li-X,!'?! fluor-
ide and hydride ions are also miscible within pseudo-binary
systems like BaF,—-BaH,.!"3! For BaLiH,F5_, in particular, a narrow
miscibility range of 0 < x < 0.20 was proposed,'* but computa-
tions predict the absence of any gap.''™
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While there is ongoing scientific and commercial interest in
BaLiF; (e.g., most recently as host for luminescent lanthanoid!®
and actinoid ions!'”! and as antisite defect materiall'®), less at-
tention is paid to BaLiH; — probably because of its air sensitivity.
[Understandably, the more expensive BaLiD; was only used for
sparse neutron diffraction/scattering studies connected to
structure elucidation® and luminescence of guest europium(ll)
ions.l"1] The resulting scarcity of data on ion migration in pure
perovskite hydrides is unfortunate, especially in light of the cur-
rent hot topic of (anti-)perovskites®?? and structurally diverse
hydrides®" as hydride conductors and (all-solid-state) battery
materials. A recent quasi-elastic neutron scattering (QENS)
study on hydride diffusion in hydride-doped oxide perovskites
showed that migration pathways—even in simple materials—
are not always straightforward: It identified two different diffu-
sion pathways, the interplay of which depends on tempera-
ture.22

Herein, we report on powder neutron diffractometry of
BaLiX; (X = F, H, D) carried out at the FIREPOD (E9) instrument
at Helmholtz-Zentrum Berlin.?3! Diffusion pathways with their
associated bottlenecks and activation barriers (derived using
our own tool CalcOPP)?# are identified and compared to pub-
lished results from topology and bond-valence energy land-
scape (BVEL) analyses of O:BaLiF; single crystals.!?”!

Results and Discussion

Instead of fusing salts or hydrogenating alloys,'® we success-
fully synthesized phase-pure BalLiX; samples mechanochemi-
cally from BaX, and LiX powders (see Supporting Information).
While BaLiF; was stable at 500 °C and 700 °C, the hydrides
decomposed at the latter temperature (see Figures S1-S7 and
Figures S8-S10 for diffractograms and derived crystal structures,
respectively). CSD 1965603 (for BaLiH; at 25 °C), 1965604 (for
BaLiH; at 500 °C), 1965605 (for BaLiF3 at 700 °C), 1965606 (for
BaLiF; at 25 °C), 1965607 (for BaLiD; at 500 °C), 1965608 (for
BaLiF5 at 500 °C), and 1965609 (for BaLiD5 at 25 °C) contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from FIZ Karlsruhe via FIZ Karls-
ruhe.

In the time- and space-averaged picture of neutron diffrac-
tometry, ionic motion manifests as “smearing” of scattering-
length density (SLD) along the diffusion pathway. This can be
modelled using displacement parameters including anharmonic
terms, which leads to the probability-density function (PDF) of
finding an ion displaced to a certain position. Alternatively, it
can be mapped directly using reconstruction via maximum-
entropy methods (MEM) to minimize artefacts. (For a detailed
discussion, see ref.[??]) Heeding certain caveats,'*”! one can use
both methods to derive the effective one-particle potential
(OPP) describing the energy landscape experienced by the ion
in motion.!?8! While the former approach may lead to incom-
plete modelling of the SLD (and thus overestimation of the
OPP), the latter offers neither assignment of the SLD to a spe-
cific ion (and may thus lead to a “tainting” of the OPP by neigh-
boring atoms) nor calculation of uncertainties.

When modelling the anion PDF in BalLiFs, we found consider-
able (probably static) disorder at r.t. that manifests in anhar-
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monic displacement. Its features change gradually up to 700 °C,
where a path between neighboring anion positions runs
roughly along the edges of the LiXs octahedron with the bottle-
neck in the center (see Figure 2, top). In BaLiD3, no static disor-
der was found at room temperature, but ample dynamic effects
were present at 500 °C. The pathway is comparable to the one
in BaLiF; but with the bottleneck somewhat nearer to the
lithium ion (see Figure 2, bottom). For BaLiHs, the intrinsically
high background due to incoherent scattering led to a low sig-
nal-to-noise ratio. We thus found a refinement including a large
number of anharmonic terms (as would have been necessary
for enhancement) unwarranted and refrained from it.
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Figure 2. Section through the PDF-derived anion OPP V at z = V2 in BaLiF; at
700 °C (top; contours: V, = 0, AV = 0.375 eV) and in BaLiD; at 500 °C (bottom;
contours: V, = 0, AV = 0.055 eV). Reference positions marked as dots (pink:
Li*, green: F~, coral: D7, black: bottlenecks), areas of formally infinitely high
potential in gray.

The OPPs directly derived from MEM-reconstructed SLDs (see
Figure 3) show a similar pathway for BaLiH3, in which the anion
carries a negative scattering length. For BaLiF; and BaLiDs, con-
taining an anion with a positive scattering length, a curved
pathway with the bottleneck on or near the center of a LiFg
face is indicated. In all three cases, the OPPs at the bottleneck
level elevated by 30 (as derived from PDF modelling) show that
barium-associated positive SLD, probably caused by vibrations
or local jumps, is present around the position ¥3, ¥3, V. Thus,
the pathways must be considered tainted for BaLiF; and BaLiDs,
whereas BaLiH; (with the proton a negative scatterer) is not
susceptible to this systematic error.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Anion OPPs as derived from MEM-reconstructed SLD in BaLiF; at
700 °C (top, V = 0.58 eV), in BaLiD; at 500 °C (bottom left, V = 0.37 eV), and
in BaLiH3 at 500 °C (bottom right, V = 0.41 eV). Orange: OPP isosurface, gray:
Ba?*, pink: Li*, green: F-, coral: D~, white: H-, black: exemplary bottleneck
positions; ions with arbitrary radii, unit cell in black.

The activation barrier for migration is the maximal OPP along
the path, i.e., at the bottleneck position (see Table 1).2°! For
BaLiF3, the values according to the two methods differ strongly.
Whereas the PDF-derived pathway is in tune with findings from
topological and BVEL analyses, > the activation barrier seems
too high compared to ca. 0.64 eV (BVEL) and 1.04(3) eV (con-
ductometry of annealed powders).3% This is probably due to
incomplete modelling of the fluoride-associated SLD. Interest-
ingly, for BaLiDs, the values connected to different pathways are
equal within 3o. The preferable, PDF-derived value for BaLiDs is
close to the barrier derived from SLD for BalLiH;—as expected
for isotopomers.

Table 1. Activation barriers (in eV) and bottleneck positions (in parentheses)
for anion migration in BaLiX; (bold: preferable values; see text).

BaLiF, BaLiDs BaLiH;
9/°C 700 500 500
From PDF 1.44(3) 0.45(3) —ta)
(Y4, 0.22, 0.22) (4, 0.30, 0.30)
From SLD 0.58 037 0.41

(s, 5, 3) (0.29,0.19,0.19) (%, 0.19, 0.19)

[a] Evaluation of anharmonic displacement not warranted by data quality.

Of course, migration can only occur from an occupied anion
position to a vacancy defect. With the concentration of such
defects, the jump (attempt) frequency, as quantified in the pre-
exponential factor of a typical Arrhenius model for activation,
increases. For a determination via neutron diffractometry,
jumps have to be frequent lest the barriers are overestimated
or diffusion even becomes invisible. In BaLiF; powders, jumps
occur less often in the following sequence: mechanosynthe-
sized, additionally annealed, solid-state synthesized.P% This
means that the jump frequency decreases with crystallite size
and perfection—explaining why we previously had been unsuc-
cessful in mapping diffusion pathways in a single crystal.l*!

Conclusions

The pathway for thermally activated anion diffusion in BaLiX3
runs between adjacent anion positions roughly along the edges
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of the lithium coordination octahedron. For X = H, this was
deduced directly from the MEM-reconstructed SLD. For X = D,
F, the influence of barium-ion dynamics made a partitioning
via anion PDF modelling necessary. The associated activation
barriers for migration are 0.45(3) and ca. 0.41 eV for BaLiDs and
BaLiHs, respectively. The value of 1.44(3) eV for BaLiF; must be
considered as a least upper bound because of possible overesti-
mation. Nonetheless, a higher barrier for fluoride compared to
the hydrides is expected because of the higher polarizability
and thus enhanced steric adaptability of the latter.[''?

The determined anion path conforms to the vacancy migra-
tion mechanism accepted for oxide perovskites.>"! Then again,
we have not found evidence for a prevalent pathway between
next-nearest positions (i.e., through the center of a unit-cell
edge) as was reported for hydride ions in BaTiOs_,H, above
400 K.22 Unfortunately, a systematic and thorough comparison
of PDF-derived and SLD-derived ion pathways / migration barri-
ers is still lacking, making this work and our study on Na,TiS,!?”!
the hitherto only examples available.
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