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ABSTRACT Introducing compositional or structural disorder within crystalline solid elec-
trolytes is a common strategy for increasing their ionic conductivity. (M,Sn)F2 fluorites have
previously been proposed to exhibit two forms of disorder within their cationic host frameworks:
occupational disorder from randomly distributed M and Sn cations, and orientational disorder from
Sn(II) stereoactive lone pairs. Here, we characterise the structure and fluoride-ion—dynamics of
cubic-BaSnF4, using a combination of experimental and computational techniques. Rietveld re-
finement of XRD data confirms an average fluorite structure with {Ba,Sn} cation disorder, and
the 9Sn Méssbauer spectrum demonstrates the presence of stereoactive Sn(II) lone pairs. X-ray
total-scattering PDF analysis and ab initio molecular dynamics simulations reveal a complex local
structure with a high degree of intrinsic fluoride-ion disorder, where 1/3 of fluoride ions occupy
octahedral “interstitial” sites: this fluoride-ion disorder is a consequence of repulsion between Sn
lone pairs and fluoride ions that destabilises Sn-coordinated tetrahedral fluoride-ion sites. Variable-
temperature *°F NMR experiments and analysis of our molecular dynamics simulations reveal highly
inhomogeneous fluoride-ion dynamics, with fluoride ions in Sn-rich local environments significantly
more mobile than those in Ba-rich environments. Our simulations also reveal dynamical reorienta-
tion of the Sn lone pairs that is biased by the local cation configuration and is coupled to the local
fluoride-ion dynamics. We end by discussing the effect of host-framework disorder on long-range

diffusion pathways in cubic BaSnFy.
INTRODUCTION

The ability of solid electrolytes to allow ion trans-
port in the solid state makes them useful for a range
of applications, including fuel cells and solid-state bat-
teries [1-5]. As a consequence, a considerable amount of
research has focussed on understanding how the structure
and chemical composition of particular solid electrolytes
modulate their ionic conductivity [3, 6-13]. In addition
to providing insight into the atomic-scale mechanisms of
ionic conductivity within specific families of solid elec-
trolytes, this body of research has also produced vari-
ous “design principles”—general conceptual models that
seek to explain, and predict, trends in ionic conductivity
across different families of solid electrolytes [8, 12, 14—
19]. Many of these solid electrolyte design principles re-
flect how changes to the structure and composition of
the host framework—the set of non-diffusive ions within
a solid electrolyte—modulate the potential energy sur-
face for the mobile ions, and hence influence overall ionic

conductivity [6, 11, 16, 19-21].

One such design principle arises from the observa-
tion that solid electrolytes with some form of host-
framework disorder often have significantly higher ionic
conductivities than related compounds with well-ordered
host frameworks [10, 15, 22-30]. Framework-disordered
solid electrolytes typically exhibit one of two classes
of disorder: occupational disorder, where two or more
distinct species occupy the same crystallographic posi-
tions [10, 15, 24, 28, 29, 31-36]; or orientational disorder,
where molecular or polyatomic subunits within the host
framework have different disordered orientations [37-40].
Orientational disorder can be static, where each poly-
atomic subunit has a fixed average orientation over exper-
imentally relevant timescales [41, 42], or dynamic, where
the polyatomic subunits rotate and reorient [40, 43, 44].
In some solid electrolytes, this reorientational dynamics
of the host framework is thought to couple to the diffu-
sive dynamics of the mobile ion species, giving rise to a
so-called “paddlewheel” effect [21, 38, 43, 45].
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While orientational disorder in solid electrolytes is usu-
ally discussed in the context of molecular or polyan-
ion orientational degrees of freedom, materials that con-
tain post-transition metals with “stereoactive” lone pairs;
such as Sn or Bi; may exhibit electronic orientational dis-
order [46]. These cations, when in an oxidation state two
less than their formal maximum (e.g., Sn!! and Billl),
have a formal electron configuration with a filled s-orbital
as their last valence shell. These s? states can mix with
neighbouring-anion p states to form a bonding state and
an antibonding state, and this antibonding state mixes
with metal p states to form an asymmetric lone pair state,
characterised by an eccentric (off-center with respect to
the atomic nucleus) “stereoactive” charge density, that di-
rects the cation coordination geometry and often results
in distorted low-symmetry cation coordination environ-
ments [47, 48].

In many materials that contain stereoactive lone pairs,
the local distortions due to these lone pairs are correlated
over long length scales. These materials are long-range
ordered and their structures can be determined using av-
erage crystallographic techniques such as Bragg diffrac-
tion. In other materials, however, the disortions due
to stereoactive lone-pairs are uncorrelated [46, 49, 50].
These materials are crystallographically disordered and
average-structure crystallographic methods yield inaccu-
rate high-symmetry structural models. Because the dis-
tortion around each cation depends on the relative ori-
entation of the corresponding lone pair, this behaviour
can be considered a form of orientational disorder, anal-
ogous to molecular or polyanionic orientational disorder
as discussed above. These lone-pair effects may also be
dynamic, showing fluctations [46, 51-53] or even rota-
tions [54, 55] of the lone-pair charge density, mirroring
the dynamic orientational disorder of “paddlewheel” ma-
terials [21, 38, 45].

While the role of stereoactive lone-pairs in solid elec-
trolytes has previously been discussed in the context of
crystallographically ordered materials [56-60], a detailed
understanding of lone-pair behaviour and its effect on
ion transport in crystallographically disordered solid elec-
trolytes is currently lacking [61-63)].

Here, we report a combined experimental and com-
putational study of the fluorite-structured fluoride-ion
conductor, cubic (c-)BaSnF4. We find that c-BaSnF,
exhibits both site-occupational disorder, due to Ba/Sn
cation mixing, and dynamic orientational disorder, due
to Sn stereoactive lone pairs. The combination of these
two forms of host-framework disorder within an ion-
conducting material makes c-BaSnF4 a particularly in-
teresting focus of study. We show that these two forms
of disorder are coupled and that together they strongly
influence the structure and dynamics of the mobile fluo-
ride ions. The fluoride ion substructure is highly disor-
dered, with 1/3 of fluoride ions occupying “interstitial”
sites, due to lone-pair repulsion of fluoride ions in highly
tin-coordinated sites. Fluoride ion dynamics are strongly
dependent on the local cation environment and are cou-
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FIG. 1. Schematic of the MX, fluorite structure (space group
Fm3m), highlighting (a) tetrahedral (normal; Wyckoff 8c)
and octahedral (interstitial; Wyckoff 4b) anion sites and (b)
cubic cation sites (Wyckoff 4a).

pled to dynamical reorientations of neighbouring Sn lone
pairs. Our study provides new insight into the rich struc-
tural and dynamical behaviour of fluoride-ion conducting
c-BaSnF, and how this arises from the unusual combina-
tion of coupled site-occupation and lone-pair—orientation
host framework disorder.

Cation disorder and stereoactive lone pairs in
F-ion—conducting fluorites

The study of fluoride-ion—conducting fluorites has a
long history, starting from Faraday’s discovery of supe-
rionic 5-PbFy [64]. More recently, this family of materi-
als have been the subject of renewed interest because of
their potential use as electrolytes in solid-state fluoride-
ion batteries [65-68].

The fluorite structure is comprised of a face-centered-
cubic cation lattice, with anions occupying all of the
tetrahedral holes (Fig. 1(a)). The octahedral holes are
vacant, and are usually considered as “interstitial” sites.
An alternative structural description is obtained by con-
sidering the positions of cations within an anionic sub-
structure (Fig. 1(b)): from this perspective, the anions
define a simple-cubic lattice, and the cations occupy half
the cubic holes, giving 8-fold MXg cation coordination.

In conventional fluorites, such as CaFg, anion trans-
port requires the presence of thermally-generated point
defects—vacancies and interstitials—within the anionic
substructure [69-72]. Fluorites are typically anti-Frenkel
disordered: some fraction of anions occupy octahedral
interstitial sites, leaving an equal number of tetrahedral
sites vacant [69]. While additional interstitials and va-
cancies can be introduced via aliovalent doping, the in-
trinsic defect concentration depends on the ease with
which anti-Frenkel pairs can form, which, in turn, ap-
proximately depends on the relative energies of ions oc-
cupying the tetrahedral and octahedral anion sites within
the fcc cationic host framework. In simple fluorites, the
anti-Frenkel-pair formation energy is usually high: for
CaFs, anion Frenkel-pair formation energies have been
calculated as 2.2eV to 2.9eV [69, 73-75]. As a conse-
quence, at low-to-moderate temperatures, these materi-
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als have low fluoride-ion defect concentrations and corre-
sponding low ionic conductivities [56, 76].

Significantly higher ionic conductivities are found in
fluorite-structured materials that contain cations with
stereoactive lone pairs, such as S-PbFs [56, 76, 77]. This
effect has been suggested to be a possible consequence of
the high polarisability of the cation facilitating diffusion
of the mobile anions [56, 77, 78], or that the negative
charge of the Pb lone pairs might electrostatically desta-
bilise adjacent fluoride ions in tetrahedral sites, thereby
promoting the formation of anti-Frenkel pairs [56]. Neu-
tron diffraction data [79] and AIMD simulations [80] of
B-PbF5, however, show no evidence for octahedral site
occupation by fluoride ions, bringing into question the
hypothesis that the presence of stereoactive lone pairs in
fluorite-structured materials promotes Frenkel pair for-
mation [81].

A second class of fluorite-structured materials that
exhibit particularly high ionic conductivities are disor-
dered mixed-cation systems, M, M;"_ Fy [24, 33, 77, 82—
85]. The highest ionic conductivity materials in this
class are those with different valence cations, such as
RbBiF,, where cation disorder induces high levels of
anion disorder [83, 86]. A significant increase in ionic
conductivity compared to analogous single-cation fluo-
rites is also observed for mixed-cation systems where
both cations have a formal 2+ oxidation state, such as
Baj_,Caj . Fa [24, 25, 33]: again, the presence of cation
disorder causes considerable fluoride disorder where flu-
oride ions displaced significantly from their ideal crystal-
lographic positions to form “pseudovacancies” [24].

Some fluorite materials exhibit both stereoactive lone
pairs and cation mixing [62, 86-89]. Of particular rel-
evance to the present study is the work of Dénes et al.
on Caj;_,Sn,Fy (r = 0.27) [62, 87]. For this system,
X-ray diffraction (XRD) data give a cubic fluorite aver-
age structure, consistent with a solid solution of Ca and
Sn distributed randomly over the cation positions, and
1198 Mossbauer data show a large quadrupole doublet,
characteristic of a stereoactive tin lone pair.

The presence of a stereoactive tin lone pair requires
an asymmetric tin coordination environment, which is
inconsistent with the structural model implied by the
diffraction data, in which Ca and Sn both have cubic
MFg coordination (cf. Fig. 1(b)). To reconcile these ap-
parently contradictory data, Dénes and coworkers pro-
posed a structural model wherein each tin is displaced
towards one face of the enclosing [F8] cube to give square-
pyramidal SnF4E coordination, where E denotes the
stereoactive lone pair, with this lone pair oriented to-
wards the more distant [F8] cube face. These tin lone
pairs then are assumed to orient randomly along each
possible (100) direction to give an average structure with
cubic symmetry, consistent with the experimental diffrac-
tion data.

The structural model proposed by Dénes et al. implies
that Ca;_,Sn,Fs exhibits both occupational cation dis-
order and Sn lone-pair orientational disorder, and similar

behaviour might be expected in other mixed-cation flu-
orites where one cation species has a stereoactive lone
pair [88, 89]. Such mixed-cation fluorites are interesting
to examine in the context of understanding how these
distinct but coexisting forms of host-framework disorder
together modulate the structure and dynamics of the mo-
bile anion species. Here, we focus on the structure and
fluoride-ion dynamics of c-BaSnF,, which we consider a
representative member of this family of mixed-cation flu-
orites. c-BaSnF, is also of practical interest due to its
shared composition with the more widely-studied layered
tetragonal phase t-BaSnF,4 [60, 90, 91], which is consid-
ered to be a prospective solid electrolyte for fluoride-ion
batteries [92, 93].

MATERIALS AND METHODS

Synthesis Cubic BaSnF, was synthesized via a ball-
milling process, using a planetary mill (Fritsch Pul-
verisette 6). Precursors (SnFs, Sigma-Aldrich, 99 %;
BaF,, Sigma-Aldrich 99.99 %) were dried at 150 °C un-
der vacuum for 3h, and stored under Ar inert atmo-
sphere. The desired amounts of precursors were weighed
and sealed in Zirconia milling jars in an argon-filled glove
box, with a powder to ball ratio of 1:13. The balls were
10 mm in diameter and made out of zirconia. The precur-
sors were then milled at 400 rotations/min for 12 hours,
divided into 24 cycles. Each cycle consisted of 15 min-
utes of milling and 15 minutes of pause, which prevented
overheating.

Impedance Spectroscopy Electrochemical Impedance
spectroscopy was performed on c-BaSnF4 powder pressed
into a pellet. Gold was sputtered on both sides of the
pellet to guarantee good contact. A BioLogic MTZ-35
impedance analyzer was used to collect data in a fre-
quency range of 3.5 x 10" Hz to 1Hz, under Ar atmo-
sphere. The resulting data were fitted using the equiva-
lent circuit model proposed in Ref. [94].

X-Ray Diffraction X-ray diffraction was performed us-
ing a Bruker D8 Advance powder diffractometer, with
a copper anode (Cu-K, = 1.54059 A) The powder
XRD pattern was fitted using the Rietveld method as im-
plemented in the FULLPROF program [95], with a split—
pseudo-Voigt function to model the peaks [96].

119 Gn Méssbauer Spectroscopy A lab-made constant ac-
celeration Halder-type spectrometer operating in trans-
mission geometry was used to carry out the Mossbauer
analyses. The spectrometer was equipped with a radioac-
tive source of 119™Sn (370 MBq) embedded in a CaSnOj
matrix and maintained at room-temperature. Experi-
ments were performed with 50mg to 70mg of sample
([Sn] = 5mgem=2 to 8mgem™2) at room temperature
(~ 293 K) and 77 K using a liquid nitrogen bath cryostat.
The Mossbauer hyperfine parameters (§ isomer shift, A
quadrupole splitting, I" signal linewidth, G1; Goldanskii—
Karyagin factor and relative areas) were refined using
the WINNORMOS software [97]. Isomer-shift values are
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FIG. 2. (a) Powder XRD pattern and Rietveld analysis of c-BaSnF4. Reference patterns of the BaFs and SnF, precursors
are presented at the bottom of the panel. (b) Distribution of barium (red; left panel) and tin (green; right panel) within a
c-BaSnF4 particle, seen via EDX-mapping. (¢) HRTEM image of c-BaSnFj.

reported relative to CaSnQOg at room temperature.

Y[ Solid-State NMR Quantitative 'F Magic Angle
Spinning (MAS) NMR spectra were recorded on Bruker
Avance III spectrometers operating at By = 7.0T (1°F
Larmor frequency of 282.4MHz), using a 1.3mm CP-
MAS probe head, and, for variable temperature experi-
ments, using a 2.5 mm double resonance (1H/19F-X) CP-
MAS probe and a Bruker Cooling Unit (BCU-II). The
19F MAS spectra were recorded using a Hahn echo se-
quence with an interpulse delay equal to one rotor pe-
riod. The 90° pulse lengths were set to 1.25ps (for SnFs
and BaSnF,4) and 1.5ps (BaF3) and the recycle delays
were set to 900s (for SnFs) and 300s (for BaFs and
BaSnFy) using the 1.3mm CP-MAS probe head. For
the variable-temperature experiments, using the 2.5 mm
CP-MAS probe head, the 90° pulse length was set to
2ps and the recycle delay was set to 10s. The temper-
ature inside the rotor was estimated from the chemical
shift and spin-lattice relaxation time (73) of "Br in KBr
powder [98]. 9F spectra are referenced to CFClz and
were fitted using the DMFIT software [99)].

Pair-Distribution Functions Pair-distribution function
(PDF) measurements were performed at the 11-ID-B
beamline at the Advanced Photon Source at Argonne
National Laboratory. High-energy synchrotron XRD
(A = 0.2128 A) 2D total scattering data was collected
and integrated into one-dimensional diffraction data us-
ing FIT2D [100]. The PDFGETX3 software was used
to carry out Fourier transformation and correction of the
PDFs [101]. Refinements were performed using the soft-
ware PDFaur [102].

Molecular-Dynamics Simulations To model the equi-
librium structure and dynamics of c-BaSnF,, we per-
formed ab initio molecular dynamics (AIMD) using
the Vienna ab initio simulation package (VASP) [103-
105]. We used the revised Perdew—Burke-Ernzerhof
generalized gradient approximation PBEsol exchange—
correlation function [106]. Interactions between core and

valence electrons were described within the projector-
augmented-wave (PAW) method [107], with cores of [Kr]
4d'° for Ba, [Kr] for Sn, and [He] for F. We simulated
a 6 X 6 x 6 supercell, starting from a cation-disordered
fluorite structure with a special-quasi-random configu-
ration of Ba and Sn over the Wyckoff 4a cation sites,
that we generated using the ICET package [108]. This
6 x 6 x 6 special-quasi-random structure best approxi-
mates the Ba/Sn correlations for an infinite lattice with
a fully-random arrangement of cations [109, 110].

Our molecular dynamics simulation used a plane-wave
cutoff of 350eV with only the gamma point used for k-
space sampling, and without spin-polarisation. The sim-
ulation was performed at 600 K and used a time-step of
2fs. Before our production run, we obtained the 600 K
equilibrium volume by running a preliminary series of
simulations with different cell volumes for 8 ps each, and
fitting the Birch-Murnaghan equation to the resulting
energy—volume dataset. The simulation was run in the
NVT ensemble using a Nosé-Hoover thermostat. Ther-
mal equilibration was performed by running a 2ps NV E
run with temperature rescaling every 50 steps. The pro-
duction run was 159 ps in length.

To calculate fluoride-ion site occupancies and site—site
transition frequencies, at each simulation timestep we as-
signed every fluoride ion to a distinct tetrahedral or oc-
tahedral site by projecting the instantaneous fluoride-ion
positions onto polyhedral “sites” defined by the Wyckoff
4a positions as fixed vertex positions (1).

For structural analysis (calculation of radial distribu-
tion functions and cation—4a displacements) we extracted
a set of “inherent” structures [111-113] from our simu-
lation trajectory by performing a conjugate-gradient ge-
ometry optimisation on configurations selected every 50
timesteps. Each inherent structure represents a local
minimum on the corresponding 3N-dimensional potential
energy surface. To calculate an example electron locali-
sation function (ELF) [114] we performed full geometry
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optimisations with a cutoff of 500eV with a minimum

k-point spacing of 0.25 A_l, with atomic positions and
cell parameters relaxed until all atomic forces were less
than 2 x 1072eV A",

To obtain tin lone pair orientations, we calculated the
set of maximally-localised Wannier functions [115] for
structures sampled every 50 ps, using the WANNIER9O
code [116]. The net dipole on each tin atom is calcu-
lated by associating each Wannier center with the closest
ion, and then, for each tin, summing over all associated
Wannier-center displacement vectors [117]. We assume
that tin polarisation is dominated by contributions from
the lone pair states, and that our calculated polarisation
vectors therefore characterise these lone pair orientations.

Analysis of the simulation data was performed using
the REVELSMD [118], SITE-ANALYSIS [119], ASE [120],
PYMATGEN [121], NUMPY [122], and SCIPY [123] codes.
The time-average fluorine density (Fig. 6) was calculated
using a linear combination of a conventional histogram
with a triangular kernel and a force-extrapolated ana-
logue, as described in Refs. [124-126].

RESULTS AND DISCUSSION

Structural characterisation

Cubic BaSnF, was synthesised by mechanically milling
BaFs and SnFs in a manner similar to Ref. 94 (see Meth-
ods). The X-ray diffraction pattern (Fig. 2) indexes to a
face-centered cubic structure from the F'm3m (225) space
group, consistent with an average fluorite-structure. The
X-ray pattern shows no visible peaks for the parent
SnFy (C2/c¢) phase, and Energy Dispersive X-ray analy-
sis (EDX-mapping) shows homogeneous distributions for
both Sn and Ba. Quantitative analysis of the EDX-
mapping data gives proportions of Ba and Sn of 49.6(7) %
and 50.3(7) %, respectively, which is close to the nominal
1:1 Ba:Sn stoichiometry (see Fig. S2 for the full map-
ping data). As a further check on the synthesised com-
pound, we performed electrochemical impedance spec-
troscopy, and obtained an ionic conductivity at 30 °C of
4.6 x 1079Scm™!, with an activation energy of 0.56eV.
This ionic conductivity is consistent with previous liter-
ature values for c-BaSnFy [94], and is > 103 higher that
that of fluorite-structured BaFy [24], illustrating the pos-
itive effect of cation mixing on fluoride-ion transport.

Our XRD data show no superstructure reflections, in-
dicating that Ba and Sn are disordered over the cation
sites. From indexing the XRD data, we obtain a cell pa-
rameter of a = 6.1945(2) A, which is close to the value
for pristine BaFy of a = 6.1964(2) A [127]. This result is
somewhat unexpected, given the smaller ionic radius of
Sn%tcompared to Ba?T, and suggests the possibility of
local distortions in the cation substructure. Diivel et al.
reported similar excess-volume behaviour in Ba; _,Ca,Fo
solid solutions [24], where this was proposed as a con-
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FIG. 3. (a) PDF refinement obtained using a cubic model.
The main atomic distances referred to in the main text have
been labeled. The green curve shows the difference between
calculated and experimental data. (b) Room temperature
(293 K) ''°Sn Mossbauer spectrum of c-BaSnF4. Fitting pa-
rameters for the two contributions shown are provided in the
Supporting Information.

tributing factor to enhanced fluoride-ion transport rela-
tive to the end-members. HRTEM data provide further
evidence of local deviations from an ideal fluorite-type
structure; these show visible changes in inter-reticular
distances (Fig. 2c¢, white arrows) that indicate regions of
local strain.

Additional structural information is given by our X-
ray total-scattering PDF data. For interatomic distances
between 12 A and 50 A, the PDF data are relatively well
described by a cubic fluorite Fm3m model (Ry = 20 %;
see Fig. $3). At short range, however (between 1 A and
12A; Fig. 3(a)), this high-symmetry structural model
gives a poor fit to the PDF data (Ry, = 32%), indicat-
ing that the local structure of c-BaSnF, deviates signif-
icantly from an ideal fluorite-type structure. The cubic
model fails to predict the peak observed at r = 2.08 A
and the apparent splitting at » = 3.96 A to 4.15A. In
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other fluorides, Sn adopts short Sn—F distances (e.g.,
2.28 A in tetragonal BaSnF, [94], and as short as 2.03 A
in SnF5 [128]). We therefore provisionally assign the peak
at r = 2.08 A to short Sn-F bonds, which requires that
Sn or F, or both species, are displaced from their ideal
fluorite positions.

Fig. 3(b) shows the room-temperature !'9Sn
Moéssbauer spectrum for our c-BaSnFy sample. The
spectrum features an asymmetric quadrupole doublet
with an isomer shift of around 3mms™!, characteristic
of covalently bonded Sn (II), and a large quadrupole
splitting parameter (A > 1.5mms~!), indicating that
Sn exhibits a stercoactive lone pair [62, 129]. The
experimental spectrum can be reconstructed using two
quadrupole doublets with distinct isomer-shift and
quadrupole-splitting parameters (see the Supporting
Information for details), indicating some degree of
variation in Sn-F bonding interactions and in the
coordination geometry around individual tin cations.

Dénes and co-workers have previously proposed a
structural model for fluorite Ca;_,Sn,F5, on the ba-
sis of experimental XRD and Mossbauer data similar to
those reported here [62, 87]. In this model, the presence
of a tin stereoactive lone pair causes each tin cation to
be displaced towards one face of its enclosing [F8] cube,
giving square-pyramidal SnF4E coordination with a re-
duced nearest-neighbour Sn—F distance. This structural
model at first appears to be consistent with our XRD and
Mossbauer data and hence to provide an explanation for
the deviation from the ideal fluorite structure evident in
the short-range PDF data described above. The position
of the first peak in our PDF data, however, at r = 2.08 A,
is too short to be explained by square-pyramidal SnF4E
coordination within an ideal cubic array of fluoride ions:
the shortest possible Sn—F distance from this model is
a\/E/Q = 2.19A. We therefore interpret the PDF fea-
ture at 7 = 2.08 A as indicative of a significant degree of
distortion to the fluorine substructure away from the ref-
erence simple-cubic structure. The structural model of
Dénes et al. also predicts equivalent SnF4E coordination
for all tin cations, which is inconsistent with the appar-
ent variation in bonding and coordination geometry for
tin cations evidenced by the Mossbauer data.

More detail about the local structure of c-BaSnFy, in-
cluding the behaviour of the Sn lone pair, is provided
by analysing structures obtained by quenching from an
AIMD simulation. Fig. 4 shows a (001) cross-section
through the electron localisation function (ELF) [114],
calculated for a quenched structure from our AIMD sim-
ulation. This cross-section intersects with the Wyckoff 4a
positions that are occupied by cations in the perfect flu-
oride structure. Atoms are visible as regions of non-zero
ELF density, and each chemical species, Ba, Sn, and F,
has a distinct appearance. Ba are visible as bright sym-
metric rings that are centered approximately on the 4a
positions, indicating that barium sits close to its ideal
fluorite position. Sn appear as less bright rings, with a
bright eccentric lobe that corresponds to the stereoactive

FIG. 4. (001) cross-section through the electron localisa-
tion function calculated for c-BaSnF4 for a single structure
quenched from AIMD simulations [114]. Crosses show ideal
cation positions (F'm3m Wyckoff 4a) for a fluorite (Fm3m)
structure.

lone pair. These lone pairs are generally oriented approx-
imately along (100) directions. The Sn centers appear
either to be close to the 4a positions, or, where they are
displaced, the displacement appears uncorrelated with
the orientation of the lone pair.

We also observe ELF features due to fluoride ions, even
though the (001) plane in the figure contains no tetrahe-
dral 8c sites, and therefore should contain no fluoride
ions for a perfect fluoride structure. However, we ob-
serve a number of fluoride ions occupying either octahe-
dral or tetrahedral-edge positions, showing a high degree
of fluoride-ion disorder.

A more quantitative analysis of the c-BaSnF, structure
is presented in Fig. 5. Fig. 5(a) shows the probability dis-
tributions of cation distances from their closest 4a site,
Plr(M—4a)], for Ba and Sn. Both cation species are, on
average, displaced from their corresponding ideal fluorite
cation positions, indicating how the cation substructure
is locally distorted from a perfect fcc lattice. On average,
Sn is displaced further from the nearest 4a position than
Ba, which is consistent with the smaller size of Sn. In
general, however, the two probability distribution func-
tions have similar shapes, indicating no qualitative dif-
ference between Ba positions and Sn positions relative to
their formal crystallographic sites.

Fig. 5(b) shows the Ba—F and Sn—F radial distribution
functions (RDFs), g(r). The nearest neighbour M-F dis-
tance is shorter for Sn (~ 2.1 A) than for Ba (~ 2.7A),
and confirms our earlier assignment of the feature at
2.08A in our PDF data (Fig. 3(b)). Integrating these
RDFs gives cumulative coordination numbers, which are
shown in Fig. 5(c). The coordination number for Ba rises

https://doi.org/10.26434/chemrxiv-2023-m4014-v2 ORCID: https://orcid.org/0000-0002-3056-8233 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-m4014-v2
https://orcid.org/0000-0002-3056-8233
https://creativecommons.org/licenses/by/4.0/

@) Plr(M-4a)] ©)  r(M-F)
0.10 6
Ba Ba-F
0.081 Sn 5 Sn—F
4
~ 0.06] -
s € 3
Q [)
0.041 )
0.021 1
0.00 0
0.0 0.5 1.0 0 1 2 3 4
r/A r/A

(¢ cn(V-F) (d) r(F-F)

10 3.0 gy
E —
QO gl L 2.5
§ ° 2.0
c 6 -
kel < 1.5
ES I IS, S ©
-.g 1.0
5 2 Ba-F 05
8 Sn-F 7

0 0.0

0 1 2 3 4 0 2 4 6
r/A r/A

FIG. 5. (a) Probability density functions P(r)— between Ba and Sn and their respective nearest F'm3m Wyckoff 4a positions.
(b) M—-F radial distribution functions (M = {Sn, Ba}). (c¢) M—F coordination number functions (M = {Sn, Ba}). The dashed
horizontal lines indicate coordination numbers of 4 and 8. (d) F-F radial distribution function.

sharply to ~ 8, which is the expected number for fluorite-
like MFg cation coordination. The coordination number
for Sn, however, initially only rises to ~ 4, indicating
that, on average, each Sn has only four neighbouring flu-
oride ions.

Dénes et al. have previously proposed that in
Ca,Sn;_.Fo, Sn is displaced from the ideal fluorite 4a
position towards one face of an enclsing [F8] cube, to ac-
commodate the stereoactive Sn lone pair [62, 87]. For
c-BaSnF,, if Sn were sitting off-center in a well-formed
[F8] cube then the coordination number would show
two distinct steps corresponding to [44+4] coordination.
The calculated Sn—F coordination number, however, rises
continuously after the first step, reaching ~ 8 at 4 A:
the average coordination environment around Sn includes
four neighbouring F that occupy 8c-type positions, with
four more F in some diffuse disordered arrangement at
distances of 2.3 A to 4.0 A. Our data therefore suggest an
alternative model for the Sn coordination environment,
where the Sn lone pair is accommodated not by Sn be-
ing displaced significantly from the 4a position, but in-
stead by a significant disruption of the fluoride ions on the
lone-pair-adjacent face of the nominal [F8] coordination
environment, which presumably reduces the mutual elec-
trostatic repulsion expected between these fluoride ions
and the proximate lone pair [130]. Additional evidence
for significant disordering of fluoride ions comes from the
F-F RDF (Fig. 5(d)), which shows a very weak second
peak, more typical of an amorphous glassy phase than a
regular crystalline array of atoms.

Fig. 6 shows a section through the time-average
fluoride-ion density calculated from our AIMD simula-
tion. The section is centered on a (001) plane of tetra-
hedral 8c positions. The superimposed closed and open
squares indicate the Ba and Sn atoms, respectively, that
tetrahedrally coordinate these 8c positions. The fluoride-
ion density is highly heterogeneous and shows stark qual-
itative differences between Ba-rich regions and Sn-rich
regions. In Ba-rich regions, the fluoride-ion density is
well localised around the 8c positions, as expected for a
conventional fluorite structure. In Sn-rich regions, how-

FIG. 6. (001)-projected slice through the time-average
fluoride-ion density of c-BaSnF4 from AIMD simulation at
600 K, showing a single plane of tetrahedral sites. Each tetra-
hedral site is coordinated by four cations (cf. Fig. 1(a)), which
have their projected positions marked by squares. Filled
squares indicate Ba positions and empty squares indicate Sn
positions.

ever, the fluoride-ion density is highly diffuse, which is
consistent with the proposal above that Sn lone pairs are
associated with significant disorder in the local fluoride
substructure. These fluoride-ion density data also sug-
gest that the dynamic behaviour of the fluoride ions is
strongly dependent on the identity of the nearby cation
species: fluoride ions in Ba-rich regions of c-BaSnF, ap-
pear to be relatively immobile, while fluoride ions in Sn-
rich regions appear to be much more mobile, and we re-
turn to this point below.

To obtain another perspective on the degree of fluo-
ride ion disorder, we project the instantaneous fluoride-
ion positions from our AIMD simulation trajectory onto
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discrete tetrahedral or octahedral sites, defined by the set
of Wyckoff 4a sites that define their vertices. This site-
projection gives a remarkable 1/3 of fluoride ions occu-
pying octahedral “interstitial” sites rather than conven-
tional tetrahedral sites—i.e., individual octahedral sites
are, on average, equally likely to be occupied by fluo-
ride ions than individual tetrahedral sites. This degree
of fluoride-ion site-disorder is even greater than the “mas-
sive disorder” found in RbBiF, [131], where 1/4 of flu-
oride ions occupy nominally octahedral positions [132].
Furthermore, this disorder is not simply a large number
of thermally generated anion “Frenkel pairs”: quenching
from our AIMD simulation produces a 0 K structure with
this same proportion of fluoride ions occupying octahe-
dral sites that is 16.7 meV /atom lower in energy than the
corresponding optimised structure with all fluoride ions
occupying tetrahedral positions. This extreme fluoride-
ion disorder is therefore intrinsic to c-BaSnF}.

Fig. 7(a,b) shows the probability distribution (num-
ber frequency) of tetrahedral and octahedral sites in our
AIMD simulation, subclassified by the number of Ba and
Sn cations that coordinate each site. These figures also
show the proportion of time during the simulation, or
probability, that each type of site is occupied by a fluo-
ride ion. For the tetrahedral sites, the occupation proba-
bility depends strongly on the identity of the coordinat-
ing cations: as the number of coordinating Sn increases
the probability of that site type being occupied by flu-
orine decreases. Comparing the limiting cases of exclu-
sive Ba-coordination and exclusive Sn-coordination, Bay-
coordinated sites are occupied nearly 100 % of the time,
while Sny-coordinated sites are nearly always vacant (raw
numerical data are available in the Supporting Informa-
tion). In contrast, for octahedral sites, the occupation
probabilty depends much less strongly on the identity of
the coordinating cations; each type of octahedral site is
occupied approximately 2/3 of the time, although we do
observe a weak preferential occupation of octahedral sites
with equal numbers of coordinating Ba and Sn.

The probability of fluoride-ions occupying a given site
can be interpreted as a relative free energy for that site.
Fig. 7(c) shows distributions of per-site relative free en-
ergies, calculated for each individual tetrahedral and oc-
tahedral site as AFyte = —kT In(Pyec), where k is the
Boltzmann constant, 7" is the simulation temperature,
and P, is the probability of each site being occupied,
calculated from the AIMD simulation. These distribu-
tions can be thought of as effective “densities-of-states”
of the different tetrahedral and octahedral site types. In
Fig. 7(c), we also show a vertical line corresponding to
the point where 2/3 of all available sites are statistically
occupied, assuming that sites are preferentially occupied
in order of increasing relative free energy.

In a conventional fluorite, the tetrahedral sites are low
energy, and the octahedral “interstitial” sites are higher
energy. Moving an anion from a tetrahedral site to an
octahedral site increases the total system energy, and
forming Frenkel pairs is therefore a thermally activated

(a) tetrahedral populations (b) octahedral populations
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FIG. 7. (a) and (b) (lighter bars) probability distribu-
tion (number frequency) of tetrahedral and octahedral sites,
p(site), in the special-quasi-random AIMD simulation cell,
subclassified by the number of Ba and Sn that coordinate each
site; (darker bars) joint probabilities for each site type being
present in the simulation structure and being occupied by a
fluoride ion, p(site N occupied), calculated from AIMD simu-
lation. The probability of a given site type being occupied by
a fluoride ion, p(occupied|site), is given by the relative pro-
portion of the darker bar to the lighter bar for each site type;
p(occupied|site) = p(site N occupied)/p(site). Numerical data
are provided in a table in the Supporting Information.(c) Dis-
tributions of site-occupation relative free energies, calculated
from AIMD, grouped by fluoride-ion site type. Octahedral
sites are shown as a single distribution.

process. Fig. 7(c) illustrates how this conceptual model
breaks down in c-BaSnFy, where the relative free energy
of tetrahedral sites increases with increasing Sn coordi-
nation. For sites with two or more coordinating Sn, some
proportion of these sites are spontaneously depopulated,
with the corresponding fluoride ions instead preferen-
tially occupying octahedral sites. For Baj;Sns- and Sny-
coordinated tetrahedral sites, this effect is large enough
that these sites are nearly fully depopulated, contributing
to the high octahedral-site occupation. This behaviour
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FIG.8. (a)'®F MAS (64kHz) NMR, spectra of c-BaSnF, and
its precursors BaF, and a-SnF,. (b) Variable-temperature
19F MAS (30kHz) of c-BaSnF, recorded at 40°C, 65°C and
90°C. Fits to these c-BaSnF4 spectra are provided in the
Supporting Information.

is consistent with a model where Sn lone pairs repel flu-
oride ions from adjacent tetrahedral sites, forcing these
ions to instead occupy octahedral sites. The analysis pre-
sented here also indicates that this effect is additive; the
more Sn cations coordinating a given tetrahedral site, the
stronger the effective repulsion, and the greater the bias
to spontaneously depopulate these sites.

Fluoride-ion dynamics

Having characterised the structure of c-BaSnF,, we
now consider the fluoride ion dynamics, and how this is
affected by the structural features described above, first
using F MAS NMR spectroscopy, and second by fur-
ther analysis of our AIMD simulations.

In M. M/ Fo mixed-cation fluorites with no stereoac-
tive lone pair, such as Ca,Baj_,F2, '"F MAS NMR spec-
tra show five distinct features corresponding to tetrahe-
dral fluorine environments with different combinations
of neighbouring cation species, i.e. FM;_ M/ (z =
{0,1,2,3,4}) [33, 133, 134]. The '"F MAS NMR spec-
trum for c-BaSnF, instead shows only two distinct con-
tributions at —14ppm and —45ppm (Fig. 8(a)). The
first of these peaks has a Jj, value close to that of
BaFs (—14.2 ppm), where fluoride ions have occupy Bagy-
coordinated tetrahedral sites. The second peak aligns
with the average diso value of a-SnFy (—46 ppm) [135], in
which fluorine is triply coordinated with short Sn—F dis-
tances [136]. Based on these comparisons, we assign these
features at —14 ppm and —45 ppm to broadly Ba-rich and
Sn-rich fluorine environments, respectively. The assign-
ment of fluorine environments into broadly two types is
qualitatively consistent with the computational fluoride-
ion density data (Fig. 6), where we observe quite different
fluoride-ion densities in Ba-rich versus Sn-rich regions of
our simulation model.

Our XRD data, above, indicate that Ba and Sn are
randomly distributed across the fluorite 4a cation sites,
and our AIMD simulations predict a complex fluorine
substructure. Both results imply that c-BaSnFy con-
tains a rich variety of fluoride-ion environments, which
might be expected to be observable in the experimental
9F MAS NMR spectrum, as in other mixed-cation fluo-
rites [33];and yet we observe only two peaks. This appar-
ent contradiction can be reconciled with our expectation
of a complex fluorine substructure if we consider fluorine
exchange between different sites within the host frame-
work [137]. Fluorine exchange between Ba-rich sites can
cause individual peaks associated with different Ba-rich
environments to coalesce, giving a single observed res-
onance. The same reasoning applies to Sn-rich environ-
ments, suggesting that they too exhibit fluorine exchange
on the NMR timescale.

A third type of fluorine exchange is that between
Ba-rich and Sn-rich environments, which we probe us-
ing variable-temperature '"F MAS NMR spectroscopy.
Fig. 8(b) shows spectra recorded at 40°C, 65°C and
90°C. As the temperature increases, the relative in-
tensity of the peak assigned to fluoride ions in Sn-rich
environments also increases, from 54 % to 60 %, at the
expense of the peak assigned to fluoride ions in Ba-rich
environments, confirming some degree of fluoride-ion ex-
change between Ba-rich and Sn-rich environments.

For a simple two-site exchange between Ba-rich and
Sn-rich environments, increasing temperature would be
expected to produce a broadening of the associated reso-
nances before their coalescence into a single resonance
with an intermediate chemical shift. We do not ob-
serve such behaviour, and instead the peaks assigned
to Ba-rich and Sn-rich fluorine environments remain dis-
tinct across the investigated temperature range. This
behaviour is consistent with only some fraction of fluo-
ride ions in Ba-rich environments undergoing exchange
with ions in Sn-rich sites, with this fraction gradually in-
creasing with temperature, and with this Ba-rich—Sn-rich
exchenge process being slower than exchange between
different Sn-rich environments [137]; i.e., on the same
timescale of exchange between Ba-rich and Sn-rich envi-
ronments, fluoride ions in Sn-rich environments undergo
exchange between several different Sn-rich environments.

The observation that fluoride ion exchange between
Sn-rich environments is much faster than that between
Ba-rich environments or between Ba-rich and Sn-rich en-
vironments is further supported by the observation of
motional narrowing of the Sn-rich peak with increasing
temperature, indicating that the so-called fast-exchange
regime is reached. This picture of locally inhomoge-
neous fluoride-ion dynamics is also qualitatively consis-
tent with the time-average fluoride-ion density obtained
from AIMD (Fig. 6), where Ba-coordinated regions show
highly localised fluoride-ion density, indicative of signif-
icantly less mobile ions, while Sn-coordinated regions
show diffuse interconnected fluoride-ion density, suggest-
ing more facile fluoride-ion motion between these sites.
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FIG. 9. Site-site transition frequencies for fluoride ions in (a)
tetrahedral sites, and (b) octahedral sites, classified according
to the cation nearest-neighbours. Transition frequencies are
normalised with respect to their time-average occupations,
giving frequencies that are equivalent to inverse average site-
occupation times. Lighter bars show data for all transitions
and darker bars show data only for “non-returning” transi-
tions, as described in the main text.

To validate this model of faster fluoride-ion motion in
Sn-rich regions, we performed additional analysis of our
AIMD data to calculate site-site transition frequencies
for each type of tetrahedral and octahedral site. To es-
timate the degree to which these fluoride-ion site—site
transitions contribute to long-range diffusion, rather than
simple back-and-forth motion between adjacent sites,
we also calculated frequencies of “non-returning” tran-
sitions; these are transitions between two sites, 1 — 2,
where the next transition made by the mobile ion takes
it to a third site, 1 — 2 — 3, rather than returning it to
the original site, 1 — 2 — 1.

The calculated site—site transition frequencies for
tetrahedral and octahedral sites as a function of their
Ba/Sn coordination are shown in Fig. 9, normalised by
the proportion of time each site type is occupied—this
normalisation gives transition frequencies that are equiv-
alent to average inverse residence times; higher transition
frequencies correspond to fluoride ions leaving a particu-
lar site more quickly. The calculated site—site transition
frequencies for both tetrahedral and octahedral sites gen-
erally increase with increasing degree of Sn-coordination,
with this effect particularly strong for the tetrahedral
sites. These data from AIMD simulation, therefore, are
consistent with the model inferred from the variable-
temperature NMR and fluoride-ion time-average density
data (Figs. 6 & 8(b)): fluoride ions in “Sn-rich” sites are,
in general, more mobile than fluoride ions in “Ba-rich”
sites. We also note that the site-occupation—normalised
transition frequencies are much higher for Ba-rich octahe-
dral sites than for Ba-rich tetrahedral sites, which speaks
to the relative stability of tetrahedral sites compared to
octahedral sites in Ba-rich regions.

10
Sn lone pair dynamics

The F MAS NMR and AIMD data presented above
show that the local mobility of fluoride ions in c-BaSnF,
is strongly dependent on the local cation composition:
fluoride ions in Sn-rich environments are significantly
more mobile than those in Ba-rich environments. An
obvious partial explanation for this behaviour is that the
stereoactive lone pairs on tin cations somehow promote
the motion of fluoride-ions in adjacent tetrahedral and
octahedral sites. Our calculated time-average fluoride-
ion density (Fig. 6) shows that the fluoride-ion substruc-
ture is highly diffuse in Sn-rich regions, which further
suggests a possible direct interaction between the Sn lone
pairs and the mobile fluoride ions.

To quantify the degree of spatial correlation between
the Sn lone pairs and nearby fluoride ions, we have cal-
culated the lone-pair—fluoride-ion polar spatial distribu-
tion function g(r, @) (Fig. 10). This distribution function
describes the time-average fluoride-ion coordination en-
vironment around tin, as a function of distance from the
central tin cation, r, and the angle between the Sn—F
vector and the lone-pair-orientation vector, 8. On the
reverse side of the central tin from the lone-pair, there
is a clear feature at r = 2.1 A with maximum intensity
at 135°, i.e., the position of the tetrahedral 8c site if
the lone pair is oriented towards the center of the oppo-
site cube-face. On the lone-pair side, however, there is a
distinct lack of structure, and fluoride density is instead
smeared out in a broad region from r > 3A. This dis-
tribution function is consistent with the model proposed
from inspection of the time-average fluoride-ion density
plot (Fig. 6): the Sn lone pair is preferentially oriented
towards one face of the enclosing cubic site, and fluoride
ions that would occupy the corners of this face in a per-
fect fluorite structure are repelled by the lone pair, which
strongly disrupts the fluoride structure in the vicinity of
the lone pair.

Another notable feature of the lone-pair—fluoride-ion
spatial distribution function is that the intense feature
corresponding to fluoride ions occupying tetrahedral sites
is angularly diffuse. While some of this effect can be at-
tributed to movement of these fluoride ions within their
tetrahedral sites, it would be surprising for such move-
ment to preserve the Sn—F separation. An alternative
process that provides an explanation for the angular
form of this feature is that the tin lone pair is reorient-
ing relative to the reference fluorite lattice on a simula-
tion timescale. To quantify any lone-pair reorientation
dynamics, we calculated the Sn-dipole orientational au-
tocorrelation function (f(0) - &(t)), which describes the
average change in relative orientation of the stereoac-
tive lone pairs in time t. This autocorrelation function
(Fig. 11) shows a clear decay on a picosecond timescale,
showing that tin lone pairs in c-BaSnF4 undergo dynamic
reorientation.

The Sn-dipole orientational autocorrelation function
does not decay to zero. Therefore, on average, the orien-
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FIG. 11. Sn-dipole orientational autocorrelation function for
c-BaSnFy, for unrestricted AIMD, and for AIMD with fixed-
position fluoride ions.

tation of each tin lone pair is biased, with the lone pair
more likely to point in one particular direction than in
another. Plotting individual dipole-orientation autocor-
relation functions for each lone pair (see the Supporting
Information) shows that the strength of this bias varies
significantly across tins, indicating that the degree of ori-
entational bias is sensitive to the local tin environment.

To probe the degree to which the local tin environment
directs the orientational bias for individual tin lone pairs,
we calculated, for each lone pair, the proportion of time
that this lone pair points towards each face of the enclos-
ing cubic site. Each Sn has 12 cation nearest-neighbours
arranged in a cuboctahedron. For a given (001) vector
from the central Sn, four of these cations are infront of
the central Sn, and coordinate the fluoride sites on the
front-face of the Sn 4a site, and four of these cations are
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FIG. 12. (a) Schematic of a Sn lone pair oriented towards

one face of the cubic cation site. We consider a lone pair to
be oriented towards a given face if the Sn dipole vector falls
inside the square pyramid formed by the central Sn and the
four corresponding vertex 8c positions. (b) Heat-map for the
proportion of time that a Sn lone pair is oriented towards a
particular face of the cubic cation site, as a function of the
number of nearest-neighbour tins in the {001} plane adjacent
to the front-face of the cubic site (with respect to the lone
pair orientation) and the number of nearest-neighbour tins in
the plane {001} plane adjacent to the back-face of the cubic
site (with respect to the lone pair orientation).

behind the central Sn, and coordinate the fluoride sites
on the back-face of the Sn 4a site—the other four neigh-
bouring cations occupy the same {001} plane as the cen-
tral Sn. Because the local fluorine environment depends
on the arrangement of the nearby Sn and Ba cations (as
shown above; Fig. 6), we consider the numbers of Ba and
Sn cations coordinating the front-face and back-face of
each tin as an effective descriptor for the degree to which
a particular tin has a symmetric or asymmetric local co-
ordination environment.

In Fig. 12(b) we show the proportion of time a lone
pair points towards a given face of the enclosing cubic
site, as a function of the number of nearest-neighbour
Sn (out of a maximum of 4) that coordinate the front-
face 8c sites and the number of nearest-neighbour Sn
(again out of a maximum of 4) that coordinate the back-
face 8c sites, with the data presented as a heat map.
Data on the diagonal where n(Sn)gons = 17(Sn)pack cor-
respond to lone pair orientations with symmetric front-
face—back-face nearest-neighbour cation environments.
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These data all show relatively low values, indicating that
lone pair orientations with balanced cation coordination
are weakly or negligibly biased. In contrast, lone pair ori-
entations with more front-face Sn neighbours than back-
face Sn neighbours show a strong bias. As a consequence,
the stereoactive Sn lone pairs in c-BaSnF,, on average,
tend to point towards other nearby tins. Clusters of Sn
cations are therefore expected to have all their lone pairs
preferentially oriented towards the interior of the clus-
ter, giving a cooperative effect where these Sn lone pairs
all disrupt any fluoride ion occupation of mutually coor-
dinated tetrahedral sites. This model is consistent with
the increasing tetrahedral site free energy with increasing
Sn-coordination (Fig. 7) and provides an explanation for
the extreme disruption of the fluoride substructure in Sn-
rich regions, as observed in the fluoride-ion time-average
density (Fig. 6).

The timescale for lone-pair reorientation is similar to
the timescale of fluoride-ion site-site transitions, which
suggests possible coupling between these two kinds of dy-
namics. To examine whether the fluoride ion dynamics
and lone pair dynamics are, in fact, coupled, we per-
formed an additional AIMD simulation with all fluoride
ions fixed at their ideal fluorite positions, and calcu-
lated the corresponding Sn-dipole orientational autocor-
relation function. With the fluoride ions fixed, the lone-
pair orientational autocorrelation function decorrelates
on a sub-picosecond timescale (Fig. 11), decaying to a
rotationally symmetric (unbiased) value of zero.

This rapid decay of the Sn-dipole orientational auto-
correlation funcion when the fluoride positions are fixed
suggests that fluoride-ion dynamics and lone pair dynam-
ics are strongly coupled. When the fluoride ions are
fixed to their 8c lattice positions, the lone pair moves
freely—no matter which direction it points in there is
a strong lone-pair—fluoride repulsion. When the fluo-
ride ions are free to move, however, a number of these
fluoride ions move from unstable tetrahedral sites into
more favourable octahedral sites, leaving vacant tetrahe-
dral sites next to tin. The Sn lone pair preferentially ori-
ents towards these vacant sites to minimise the lone-pair—
fluoride-ion repulsion (Fig. 10). As fluoride ions move
between sites, the Sn lone pairs dynamically reorient in
concert with the changing local fluoride ion configuration,
giving strong coupling between the fluoride-ion dynamics
and the lone-pair reorientation dynamics.

SUMMARY AND CONCLUSIONS

To develop solid electrolytes with high ionic conduc-
tivities it is necessary to understand how the chemistry
of the host framework modulates the structure and dy-
namics of the mobile ion species [27, 28, 138, 139]. In
many families of solid electrolytes, introducing composi-
tional or structural disorder within the host framework
is an effective strategy for increasing ionic conductiv-
ity [10, 15, 22-30]. (M, Sn)F5 fluorites have previously

12

been proposed to exhibit two distinct forms of host-
framework disorder [62, 87-89]: cation-site-occupation
disorder, where the two cationic species are distributed
randomly over the available sites; and Sn—lone-pair ori-
entational disorder, where Sn exhibits stereoactive lone
pairs with random orientations. This proposed coexis-
tence of two distinct forms of host-framework disorder
makes (M, Sn)Fy fluorites a particularly focus of study
in the context of understanding the possible interplay be-
tween disorder types, and how, together, they modulate
ion transport.

Here, we have investigated the structure and fluoride-
ion dynamics of the cation-disordered fluorite cubic
(c-)BaSnF,. Rietveld refinement of XRD data con-
firms an average fluorite structure with {Ba,Sn} disor-
der (Fig. 2). 11Sn Méssbauer spectroscopy demonstrates
the presence of stereoactive Sn(II) lone pairs, and total-
scattering PDF data show clear deviations from the av-
erage fluorite structure at short range (Fig. 3).

Using ab initio molecular dynamics (AIMD) simula-
tions, we have shown that the fluorine substructure in
c-BaSnF, is highly inhomogeneous and depends strongly
on the local cationic composition (Fig. 4 and Fig. 6).
In Barrich regions, the fluoride ions occupy fluorite-
like tetrahedrally-coordinated sites that form [F8] cubes
around barium. In Sn-rich regions, in contrast, the
fluoride-ion substructure is highly diffuse, with fluoride
ions displaced from tetrahedral sites adjacent to tin into
octahedral “interstitial” sites.

We attribute the displacement of fluoride ions from tin-
adjacent tetrahedral sites into octahedral interstitial sites
to the presence of the stereoactive lone pair on the tin
cations. The tin cations sit relatively close to their ideal
fluorite positions, and exhibit highly eccentric charge dis-
tributions that are characteristic of a stereoactive lone
pair, in agreement with our '°Sn Mdssbauer data. This
lone-pair charge density destabilises fluoride ions occupy-
ing adjacent tetrahedral sites, in effect pushing these flu-
oride ions into octahedral sites, thereby strongly disrupt-
ing the fluoride-ion substructure. This effect is clearly
seen in the Sn—lone-pair—fluoride-ion polar spatial distri-
bution function (Fig. 10), where fluoride ions on the back
face of Sn sites—i.e., the opposite side from the lobe of
the lone pair—are well structured, while fluoride ions on
the front face of Sn sites—in the direction the lone pair
is oriented—are strongly repelled and highly disordered.

As a consequence of this Sn—lone-pair—fluoride-ion re-
pulsion, c-BaSnF, exhibits a remarkable concentration of
“interstitial” fluoride ions that occupy octahedral sites.
In our simulations, 1/3 of fluoride ions occupy octahedral
sites, making it equally likely that, on average, octahe-
dral sites and tetrahedral sites are occupied by fluoride
ions. This level of octahedral-site occupation exceeds
that of previously reported “massively disordered” flu-
orites, such as RbBiF, [131], where 1/4 of fluoride ions
occupy octahedral sites [132]. In c-BaSnF, this extreme
fluoride-ion disorder is a consequence of a high relative
free energy of occupation for tetrahedral sites adjacent to
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tin centers and an associated low relative free energy of
occupation for octahedral sites (Fig. 7), which is a con-
sequence of the mutual repulsion between Sn—lone-pairs
and fluoride ions in adjacent tetrahedral sites.

We have also directly probed fluoride ion dynamics and
the effect of cation disorder using variable-temperature
9F MAS NMR experiments and additional analysis of
our AIMD data. Our NMR data show that fluoride ions
in c-BaSnF, can be broadly categorised as residing in ei-
ther “Ba-rich” or “Sn-rich” environments, with fluoride
ions in Sn-rich environments more mobile than fluoride
ions in Ba-rich environments. This picture of cation-
environment—dependent fluoride-ion dynamics is corrob-
orated by our AIMD simulations: calculated site-site
transition frequencies are higher for sites with a higher
proportion of coordinating tin, showing a direct relation-
ship between the local cation configuration and local an-
ion dynamics.

Our AIMD simulations also reveal that the tin lone
pairs dynamically reorient on a picosecond timescale
(Fig. 11). By comparing the results from our unrestricted
AIMD simulations to equivalent data from simulations
where the fluoride ions are fixed to their ideal fluorite
positions, we have shown that orientational dynamics
of the tin lone pairs is coupled to the dynamics of the
nearby fluoride ions. This effect is modulated by the
local cation arrangement: for tins with an asymmetric
Sn/Ba nearest-neighbour configuration, the tin lone pair
preferentially orients in the direction of other, nearby,
tins. Hence, clusters of tin cations exhibit a cooperative
effect where by the lone pairs on each tin tend to orient
towards the interior of this cluster. This cooperative ef-
fect explains the dramatic disruption of the fluoride ion
substructure in regions where several Sn cations are clus-
tered together (Fig. 6).

The measured room-temperature ionic conductivity of
c-BaSnFy (4.6 x 1073 Sem™1) is significantly higher than
that of, for example, fluorite-structured BaFs [24], which
is consistent with the general observation that within
structurally-related families of solid electrolytes, host-
framework disorder is often correlated with increased
ionic conductivities [10, 15, 22-30]. In other materials,
this relationship between host-framework disorder and
ionic conductivity has been explained as a consequence of
a concomitant disordering of the mobile ion species that
promotes ion transport [10], or of a reduction in differ-
ences in site-occupation energies between mobile-ion sites
that flattens the mobile-ion potential energy surface [15].
Our results for c-BaSnF, are consistent with both of
these conceptual models: in Sn-rich regions of the struc-
ture, the fluoride-ion density is highly diffuse (Fig. 6),
indicating significant local fluoride-ion disorder—which
is also evident from our calculated F-F radial distribu-
tion function, Fig. 5(d)—while our site-occupation anal-
ysis shows a destabilisation of Sn-coordinated tetrahe-
dral sites and a stabilisation of octahedral sites that
gives overlapping tetrahedral and octahedral site ener-
gies (Fig. 7).
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Given that c-BaSnF, exhibits such a high degree of
fluoride-ion disorder, it is perhaps surprising that it does
not have an even higher ionic conductivity. We observe
greater fluoride-ion site-disorder (1/3 of fluoride ions
occupying octahedral sites) than in the mixed-valence
mixed-cation fluorite RbBiF4 (1/4 of fluoride ions oc-
cupying octahedral sites), which would seem to predict a
higher ionic conductivity for c-BaSnF4 than for RbBiFy.
The room-temperature ionic conductivity of RbBiFy,
however, is x10? greater than that of c-BaSnF, [82].
This result can be explained by recognising that fast-
ion transport in solid electrolytes requires not only that
there is a small, or non-existent, energy gap between oc-
cupied and unoccupied sites, but also that these “fron-
tier” sites form a contiguous percolating diffusion path-
way through the material [15]. In c-BaSnFy, the com-
bined effects of cation disorder and lone-pair—fluoride-ion
repulsion produce a large spread in tetrahedral site ener-
gies (Fig. 7), causing tetrahedral sites with either high-
Ba-coordination or high-Sn-coordination to be largely
unavailable for long-range fluoride-ion diffusion. Highly-
Ba-coordinated tetrahedral sites (e.g., Bay) have low site
energies, are nearly fully occupied, and have low site—site
transition frequencies, and fluoride ions occupying these
sites are therefore largely immobile. As such, clusters
of barium cations are expected to obstruct long-range
fluoride ion diffusion. Highly-Sn-coordinated tetrahedral
sites (e.g., Sny) have a similar blocking effect on diffu-
sion, but for the opposite reason; these sites have high
site energies and are therefore rarely occupied, despite
having very high site-site transition frequencies. As a
result, these Sn-coordinated sites obstruct long-range flu-
oride ion diffusion by acting as high-energy bottlenecks.
The remaining mixed-coordination tetrahedral sites (e.g.,
BagSny) then form a tortuous diffusion pathway, result-
ing in a lower macroscopic ionic conductivity than might
be expected on the basis of local site—site transition fre-
quencies or purely from the high level of fluoride ion dis-
order present in the structure.

The results presented here demonstrate the complex
interplay between two distinct forms of host-framework
disorder—-cationic site-occupation disorder and lone-pair
orientational disorder—and the structure and dynamics
of the mobile ion species within a fluoride-ion—conducting
solid electrolyte. The complex nature of these interacting
effects suggests that the resulting effect on mobile-ion
dynamics is likely to be highly dependent on the exact
composition and structure of the solid electrolyte, and
we expect further exploration of the coupling between
crystallographic disorder, lone pair dynamics, and ionic
conductivity in solid electrolytes to be a fertile area for
future research.

Supporting Information

Supporting Information: Full EDX analysis data;
Temper,ature-dependent ionic-conductivity data; X-ray
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PDF data 12A < r < 50A; Méssbauer hyperfine pa-
rameters; 1°F MAS NMR data; Sn-dipole orientational
autocorrelation function data (PDF).

Data and Code availability

A complete dataset for the computational modelling
and analysis described in this paper is available from the
University of Bath Research Data Archive [140]. This
dataset contains inputs and outputs for all DFT calcu-
lations, plus scripts for analysis of the DFT data and
for plotting Figs. 4, 5, 6, 7, 9, 10, 11 and 12(b). A sub-
sidiary dataset containing only the figure-plotting scripts
and relevant input data is available on GitHub [141].
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