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ABSTRACT: Ba1−xLaxF2+x covering the whole range of compositions was synthesized
by high-energy ball milling of mixtures of BaF2 and LaF3 at ambient temperature. The
compounds obtained in this way crystallize in the cubic fluorite structure in the range
from 0 ≤ x ≲ 0.775 which extends the range for the fluorite-type Ba1−xLaxF2+x covered
up to now (0 ≤ x ≤ 0.55) considerably. By employing 19F NMR spectroscopy and X-ray
(total) scattering, indications for a continuous change from the fluorite (BaF2) to the
tysonite structure (LaF3) were found. The mechanosynthesized samples showed slightly
higher fluoride ion conductivities for the samples with x ≤ 0.40 and clearly smaller
conductivities in the case of the samples with x ≥ 0.85 than reported for their
monocrystalline counterparts. Two conductivity maxima at x ≈ 0.40 and x ≈ 0.85 and a
conductivity minimum at x ≈ 0.75 were observed for the mechanosynthesized
Ba1−xLaxF2+x. For the samples with 0.10 ≤ x ≤ 0.50, exhibiting a dc conductivity in the order of 10−5 S/cm at 400 K, all fluoride
ions seem to be highly mobile at temperatures beyond 453 K. The decrease of the ionic conductivity observed for Ba1−xLaxF2+x
with increasing x in the range from x ≈ 0.50 to x ≈ 0.75 is accompanied by a change of the diffusion behavior and a decrease of
the ratio of highly mobile to nonmobile or slow fluoride ions.

I. INTRODUCTION

Over the last years it has become apparent that compounds
ground or synthesized by high-energy ball milling often show a
change in their properties, e.g., an enhanced ionic conductivity,
compared to their micro- or monocrystalline counterparts
prepared by conventional solid state synthesis routines.1−5

Furthermore, the synthesis of compounds conducted by
mechanical treatment of the starting materials, the so-called
mechanosynthesis, is known to be a very efficient technique for
the preparation of metastable, partly new, compounds.5−7 A
well-known specialty of this technique is the preparation of
solid solutions of normally immiscible or hardly miscible
phases.5−9 In this respect, the BaF2−LaF3 system is of particular
interest. Ba1−xLaxF2+x crystallizes in the fluorite structure (space
group Fm3 ̅m) for compositions x ≲ 0.5510,11 and in the
tysonite structure (space group P3 ̅c1) for x ≳ 0.8510,11. In the
intermediate composition range from x ≈ 0.55 to x ≈ 0.85, the
system is characterized by a miscibility gap.10,11

The microstructure, or more specifically the fluoride ion
sublattice of fluorite-type Ba1−xLaxF2+x, turned out to be quite
complex. By neutron scattering experiments some indications
for the formation of so-called 2:2:2 clusters were found for the
fluorite-type Ba1−xLaxF2+x with x ≳ 0.05.12,13 These 2:2:2
clusters consist of two fluoride ion interstitials (x = 0.5, y =
0.32, z = 0.32)14 denoted as F′, two fluoride ion interstitials (x
= 0.46, y = 0.46, z = 0.46)14 denoted as F″ and two F−

vacancies (x = 0.25, y = 0.25, z = 0.25).14 Chernov et al.15

argued that the structure of these clusters resembles structural
elements of the tysonite structure. This assumption was
corroborated by results of Kadlec et al.16 who found vibration
modes in Ba1−xLaxF2+x similar to those in LaF3. Hence, an
investigation of the transition of Ba1−xLaxF2+x from the fluorite
structure to the tysonite structure seems tempting. In addition,
the 2:2:2 clusters are assumed to be responsible for the
enhanced ionic conductivity observed for the compounds with
0.05 ≲ x ≲ 0.50.16−20 According to the enhanced ionic motion
model,18,21 the structural relaxation of the BaF2 lattice close to
the clusters leads to a decrease of the migration barriers of the
fluoride ions. As a consequence, percolation paths for the
fluoride ions should be formed in the interface regions of the
moderate fluoride ion conductor BaF2 and the presumed
nonconducting 2:2:2 clusters.18,21 It should be noted that in
contradiction to the latter assumption, which is based on
calculations regarding the stability of the 2:2:2 clusters,18,22 the
results of Andersen et al.13 indicate that at least some of the
fluoride ions in the 2:2:2 clusters are mobile.
Due to its high ionic conductivity Ba1−xLaxF2+x was already

used as a solid fluoride ion conductor in a chemical sensor23
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and as an electrolyte in a fluoride ion battery.24 Fluoride ion
batteries have found some attention in the past and present
since they promise a large inherent safety and very high
capacities.23−34 For this kind of batteries, in which a reaction of
the type MFy + M′ ⇌ M + M′Fy (M = metal) takes place, only
ceramic electrolytes have been tested, yet. Therefore, the
fluoride ion battery systems exhibiting a high specific energy
investigated up to now can only be operated at elevated
temperatures due to the rather low ionic conductivity of the
electrolytes being stable in a sufficiently broad potential range.
The latter criterion most probably excludes the usage of the
very fast known fluoride ion conductors containing lead or tin35

like PbF2,
36 PbSnF4,

37 and presumably also BaSnF4. Thus,
other fast fluoride ion conductors have to be found.
Ba1−xLaxF2+x seems to offer a high electrochemical stability38

but in comparison with, e.g., PbSnF4 a rather low ionic
conductivity.20,37 As already mentioned, the ionic conductivity
of several ceramic compounds could be increased by
mechanical treatment or mechanosynthesis. Furthermore, as
stated above, the miscibility gap of BaF2 and LaF3 may be
closed by employing a mechanosynthesis routine.6 Hence,
mechanosynthesis may open up a path to the preparation of
Ba1−xLaxF2+x compounds which exhibit higher ion conductiv-
ities than observed so far for this system.
Therefore, in this study the ionic conductivity of

mechanosynthesized Ba1−xLaxF2+x with 0 ≤ x ≤ 1 was
investigated by impedance spectroscopy. Further insight
regarding the fluoride ion diffusion in the prepared materials
was gained by 19F nuclear magnetic resonance (NMR)
spectroscopy. The structure and microstructure of the samples
were investigated by X-ray powder diffraction (XRPD),
transmission electron microscopy (TEM), and 19F magic
angle spinning (MAS) NMR spectroscopy. For some samples
X-ray scattering experiments were done up to large q-values to
calculate their pair distribution functions (PDFs), G(r).

II. EXPERIMENTAL DETAILS
A series of samples with compositions Ba1−xLaxF2+x with 0 ≤ x
≤ 1 were prepared by joint milling of micrometer-sized pure
BaF2 (99.99%, Sigma Aldrich) and LaF3 (99.9%, Fluka). The
synthesis was carried out using a Fritsch P7 premium line
planetary mill employing a ZrO2 milling vial set (45 mL) in
combination with 140 milling balls (5 mm in diameter) of the
same material. The total mass of each mixture was 2.0000(5) g.
Milling times tmill used reached from 6 to 24 h. The
temperature of the milling beaker was measured with a
pyrometer in the inside of the beaker directly after milling. It
did not exceed 343 K.
The obtained powders were characterized by XRPD using a

D8 Advance diffractometer (Bruker) operating with Cu−Kα

radiation at 40 kV which corresponds to a wavelength λ ≈
0.154 nm. For some of the samples PDFs were calculated from
X-ray diffractograms obtained at the High-Resolution Powder
Diffraction (HRPD) beamline P02.1 of the PETRA III electron
storage ring at DESY (Hamburg, Germany) in transmission
mode. The energy of the synchrotron radiation was set to 59.81
keV, which corresponds to a wavelength of λ = 0.02073 nm.
Two-dimensional XRD patterns were collected using a Perkin-
Elmer 1621 fast image plate detector (2048 × 2048 pixels, 200
× 200 μm2 pixel size) carefully mounted orthogonal to the X-
ray beam. The samples were illuminated for 10 s by the X-ray
beam. For each sample measurements were done with different
distances between the sample and detector to obtain the best
resolution in the low as well as the high q-range. The two-
dimensional XRPD patterns were integrated to the q-space by
employing the software package FIT2D.39 This results in
several one-dimensional XRPD patterns for different ranges of
q which were merged to a single pattern for each sample. The
obtained diffractograms were corrected (absorption, fluores-
cence, Compton scattering, etc.) and eventually Fourier
transformed to PDFs by employing the software PDFgetX2.40

Figure 1. XRPD patterns of the different Ba1−xLaxF2+x compounds. If not stated otherwise all compositions were milled for six hours. With a
decreasing amount of BaF2 (blue bars) the corresponding peaks shift to larger 2θ values in the case of the compounds which crystallize in the fluorite
structure. For x > 0.80 the samples show the typical XRPD pattern of LaF3 (red bars) shifted to smaller values of 2θ. See text for further
explanations.
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For TEM investigations, the powdered sample was dispersed
in isopropyl alcohol. A drop of approximately 10 μL of this
suspension was dried on a copper-supported holey carbon film.
(S)TEM was done at 200 kV on a field-emission instrument of
the type JEOL JEM-2100F-UHR.
The impedance measurements were done on cylindrical

pellets with a diameter of 8 mm and approximately 1 mm
thickness (measured with a vernier caliper for each pellet). The
pellets were produced by cold-pressing the powders at a
uniaxial pressure of about 1 GPa. Electrodes were applied by
coating the plane parallel sides of the pellets with an alcohol-
based graphite conductive adhesive (Alfa Aesar). The measure-
ments were done with an HP 4192 A analyzer connected to a
home-built cell with a four-terminal configuration in the
frequency range from 5 Hz to 13 MHz. The cell is designed to
be operated under controlled atmospheres. Here, a constant
flow of dry argon gas (99.999%) was applied. A Eurotherm
controller was used to monitor and adjust the temperature.
For the temperature-variable static 19F NMR measurements

the powdered samples were put into glass ampullae, dried in
vacuum at 380 K for at least 24 h, and then heat sealed. The
measurements were done with an MSL 400 spectrometer
(Bruker) connected to a shimmed Oxford cryomagnet with a
nominal field of 9.4 T which corresponds to an 19F resonance
frequency of ν0 = 376.5 MHz. A modified 7 mm MAS NMR
probe (Bruker Biospin) was used for the measurements. The
duration of the π/2 excitation pulse applied was 3.3 μs. For all
measurements the saturation recovery pulse sequence was used,
followed by an adjustable waiting time and a single π/2
pulse.41,42 For each spectrum 32 scans were accumulated. To
obtain fully relaxed spectra the waiting time was chosen to be
five times the relaxation time T1 at the respective temperature.
The 19F MAS NMR spectra were recorded with an Avance

III spectrometer (Bruker) operating at ν0 = 564.7 MHz by
employing a 1.3 mm MAS probe (Bruker) and using room-
temperature bearing gas. The NMR spectra were acquired by
applying a single π/2 excitation pulse with a length of
approximately 2 μs. For each spectrum 32 scans were
accumulated with a recycle delay of 5 s and a spinning speed
of νrot = 60 kHz. All 19F NMR spectra were referenced to C6F6
(which has a chemical shift δ = −162.9 ppm when referenced
to CCl3F

43).

III. RESULTS AND DISCUSSION
A. Characterization by X-ray Diffraction. Starting from

pure BaF2 all XRPD peaks of the Ba1−xLaxF2+x show the typical
pattern of the fluorite structure in a range from 0 ≤ x ≤ 0.775
(see Figure 1). The positions of the peaks are shifted toward
larger 2θ values with increasing amounts of LaF3 which
indicates lattice contraction. Even the sample with x = 0.80
shows the typical pattern of the fluorite structure, but there are
also some very broad peaks of weak intensity exhibiting the
XRPD pattern (particularly the (002), (110), and (111) peaks)
of LaF3 crystallizing in the tysonite structure which seem to be
shifted toward smaller values of 2θ. It should be noted that an
increase of the milling time from 24 to 60 h or the change of
the milling vial set does not lead to the disappearance of the
XRPD peaks of the tysonite phase in the case of the sample
with x = 0.80 (see Figure S1, Supporting Information). In the
case of the sample with x = 0.85, the shifted (111) and (200)
peaks of the BaF2 pattern can still be detected at approximately
26° 2θ and 30.1° 2θ besides the typical pattern of LaF3 (space
group P3̅cl) shifted toward smaller values of 2θ. Thus, these

two samples seem to be mixtures of Ba1−xLaxF2+x crystallites of
which a part crystallizes in the fluorite and the other ones in the
tysonite structure. The width of the small peaks in the case of
the sample with x = 0.80 makes a clear assignment to a phase
difficult. Thus, judging from the XRPD pattern it cannot be
excluded that just residual pure LaF3 or amorphous material is
present. However, it should be noted that both structures
should be highly distorted in this range of compositions as will
be discussed later. Thus, one might assume that the samples
with x = 0.80 and x = 0.85 may be transitional phases
combining structural aspects of both structures and are not
mixtures of differently structured crystallites of Ba1−xLaxF2+x,
which is essentially in agreement with the deliberations of
Chernov et al.15 (vide supra). The samples with x > 0.85 show
the XRPD pattern of LaF3 in which the peaks are shifted
toward smaller diffraction angles which indicates lattice
expansion.
The PDFs, i.e., G as a function of r, of the samples with x =

0.20, x = 0.50, x = 0.70, x = 0.80, and x = 0.85, shown in Figure
2, exhibit the average distances r of the ions in real space or, to

be more exact, the probability to find ions in a certain distance
from each other (by integration of G(r) from r1 to r2).

44 At first
view the patterns of all the samples are very similar. Even in the
case of the sample with x = 0.85 exhibiting an XRPD pattern
typical of the tysonite structure (see Figure 1), almost all of the
peaks visible in the PDFs of the other samples crystallizing in
the fluorite structure still show up. Starting from the sample
with x = 0.20 the distances between the ions decrease with
increasing x as was already observed in the XRPD patterns in
Figure 1. The lattice parameters a of the fluorite type
Ba1−xLaxF2+x can easily be recognized in the PDFs of the
samples as the second from left of the M−M (M = Ba2+, La3+)
peaks, which are marked with an ‡. They are in good agreement
with the ones obtained directly from the XRPD patterns (vide
infra).
Going from x = 0.80 to x = 0.85 the change of the structures

can be observed by the disappearance of the peak representing
the lattice parameter a of the fluorite lattice, the emergence of
three new peaks (arrows in Figure 2), and a change of the
height of some of the peaks already present in the PDFs of the
other samples. Furthermore, the first peak is clearly shifted to
smaller r (0.24 nm) and shows a higher intensity compared to
the peak representing the shortest M−F distance in the case of
the sample with x = 0.80. It can be attributed to the shortest
distance between La3+ and F− in the tysonite structure. The
new peak at 0.32 nm probably represents a cation−fluoride ion

Figure 2. Pair distribution functions of several Ba1−xLaxF2+x
compounds. ‡ marks M−M distances, while # shows the distances
between M and F. See text for further explanations.
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distance in the tysonite structure since it is too small for a
cation−cation distance. Thus, this peak is probably associated
with a Ba−F distance in the tysonite structure. The other new
peak at 0.55 nm probably shows a Ba−Ba distance of Ba ions
neighboring each other in the tysonite structure. This
assumption is in good agreement with the assumed Ba−F
distance of about 0.32 nm and the low intensity of the peak,
representing the expected low abundance of this pair. The last
new peak in the shown distance regime at 1.68 nm can
probably be attributed to a La−La distance in the tysonite
structure. A similarly positioned peak seems to exist also in the
sample with x = 0.80 (marked by an arrow). Apart from these
three peaks, the La−F peak at 0.24 nm, and several changes in
the intensity of some of the cation−cation peaks due to
different coordination numbers, the PDF of the tysonite
structured Ba0.15La0.85F2.85 is similar to the ones of the fluorite
structured samples.
There are no peaks in the PDFs which can clearly be

associated with the M−F distances in the 2:2:2 clusters (the
M−M distances are the same as in the undistorted fluorite
structure). These distances are, however, rather close to the
ones in the undistorted fluorite structure and, therefore,
difficult to separate from each other. However, there should
be a peak between the first two peaks in the PDFs of the
samples with x = 0.20 up to x = 0.80 corresponding to the
distances between the cations and the fluoride ions at F′ and F″
sites. In fact, a broad shoulder can be seen in this range in the
case of the samples with x = 0.20, x = 0.50, and x = 0.80 but not
for the sample with x = 0.70. Whereas the sample with x = 0.70
lacks such a shoulder, its first M−F peak is clearly broader and
larger than observed for the other samples. Thus, one might
assume a change of the cluster structure for this sample.
Furthermore, it should be noted that the position of the second
smallest d(M−F) peak changed in a pronounced way: from
about r = 0.50 nm in the case of the sample with x = 0.70 to r =
0.48 nm for the sample with x = 0.80. Therefore, the shoulder
in the case of the sample with x = 0.80 is probably not due to
the 2:2:2 clusters but may rather be related with the peak at
0.32 nm appearing in the PDF of the sample with x = 0.85
which probably represents the shortest Ba−F distance in the
tysonite structure (vide supra).
Although the PDFs of the samples with x = 0.80 and x = 0.85

seem to be quite similar, the PDF of the sample with x = 0.80 is
still more similar to the PDFs of the samples with x = 0.20, x =
0.50, and x = 0.70. Coming back to the question regarding the
actual structure of the sample with x = 0.80, it can be seen that
the PDF of this sample indeed combines aspects of the PDFs of
the samples with x = 0.70 and x = 0.85 without showing

identical peaks. There are also no peaks in the PDF of the
sample with x = 0.80 which can clearly be matched with
distances in pure LaF3 (which admittedly does not rule out the
possibility of the presence of a small amount of LaF3 in this
sample). Therefore, it seems reasonable to assume that the
sample with x = 0.80 is not a mixture of Ba1−xLaxF2+x
crystallizing in the fluorite and Ba1−xLaxF2+x crystallizing in
the tysonite structure. Instead of this, it seems to crystallize in a
structure in between these structures.
In Figure 3a the lattice parameter a of the Ba1−xLaxF2+x

crystallizing in the (structurally distorted) cubic fluorite
structure, calculated according to

λ
θ

=
·

· + +a h k l
2 sin

( )XRD 2 2 2
(1)

is shown as a function of x. Here λXRD = 0.154 nm is the
average wavelength of the X-ray radiation used, and h, k, and l
are the Miller indices of BaF2. The positions of the maxima of
the first ten peaks were used for the calculations. With
increasing amount of LaF3 the lattice parameters a of the
compounds decrease linearly in the range 0 ≤ x ≤ 0.80. The
slope of the line is 0.0306(4) and, thus, very similar to the one
reported by Sobolev et al. for monocrystalline Ba1−xLaxF2+x

11

which is 0.03033. This indicates that the intended amounts of
LaF3 were introduced into the BaF2 lattice for x ≤ 0.80.
The XRPD peaks of the Ba1−xLaxF2+x are very broad. This

can inter alia be caused by a reduced number of scattering
centers (atomic planes) due to size reduction of the crystallites
or by lattice strain which leads to a distribution of distances
between the atomic planes. Interestingly, the peaks of the
binary fluorides are less broad than the ones of the Ba1−xLaxF2+x
products. This is probably mainly due to an enhanced size
reduction caused by the mechanical interaction of the
Ba1−xLaxF2+x crystallites with each other or with the starting
materials which seems to be more effective than in the case of
the pure binary fluorides.
This is indicated by the results obtained by employing the

procedure introduced by Williamson and Hall45 using the full
width at half-maximum (fwhm) of the XRPD peaks corrected
for instrumental broadening effects (see ref 4 for more details).
Values of the average crystallite size ⟨d⟩ in a range from 9(5)
nm (x = 0.80) to 29(5) nm (x = 0.10) were found for
Ba1−xLaxF2+x without a continuous trend when plotted as a
function of x (see Figure 3b). The lattice strain ε varies from
0.002(1) to 0.008(1) and increases with x (Figure 3b) which
indicates increasing structural disorder with rising x. In the case
of the ball-milled binary fluoride, values of 60(5) nm (ε =
0.002) for BaF2 and 31(5) nm (ε = 0.003) for LaF3 were

Figure 3. (a) Lattice parameter a of the Ba1−xLaxF2+x compounds exhibiting the fluorite structure, whose XRPD patterns are shown in Figure 1, as a
function of composition x. (b) Average crystallite size ⟨d⟩ (black squares) and lattice strain ε (red circles) as a function of x.
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determined. The average crystallite size can also be estimated
from the PDFs as the distance r at which G(r) cannot be
separated from noise anymore (see Figure S2, Supporting
Information). The values obtained that way are in quite good
agreement with the values obtained by the Williamson and Hall
approach.
In Figure 4 a high-resolution (HR)TEM micrograph of the

sample with x = 0.80 is shown. The crystallites were found in

agglomerates and exhibit diameters of approximately 10 nm
which is in good agreement with the value calculated from the
XRPD and the PDF. They show a well-ordered structure even
at their boundaries.
The thermal stability of Ba1−xLaxF2+x was tested for the

samples with x = 0.80 and x = 0.65. After heat treatment for 6 h
at 873 K in air the XRPD patterns exhibit the formation of LaF3
besides Ba1−xLaxF2+x (see Figure 5). The XRPD peaks of the
Ba1−xLaxF2+x are narrowed which is due to grain growth or
decreased lattice strain, and they are shifted to smaller values of
2θ. Thus, the Ba1−xLaxF2+x compounds were depleted in LaF3
by thermal treatment. Several additional peaks of weak intensity
are also visible which we were not able to attribute to a known
phase. Since the lattice parameter a of the Ba1−xLaxF2+x
crystallizing in the fluorite structure changes linearly with x it
was possible to calculate the compositions of the annealed
samples. They changed from x = 0.80 to x = 0.66 and from x =
0.65 to x = 0.57, respectively. Thus, the higher the LaF3 content
of the thermally treated Ba1−xLaxF2+x, the more pronounced is
the depletion of LaF3. Hence, as already expected, the fluorite-
type Ba1−xLaxF2+x with 0.55 ≲ x ≲ 0.80 is metastable at room
temperature and most probably cannot be prepared by
conventional solid state synthesis.
B. 19F MAS NMR Spectroscopy. For several mixed

fluoridic systems it was possible to receive an impression of

the unequal cationic environments of the fluoride ions and,
thus, of the microstructure of the materials by 19F MAS NMR
spectroscopy using high spinning speeds.6,7,46 However, the
spectra obtained for the Ba1−xLaxF2+x do not allow a separation
of the different cationic environments of the fluoride ions (see
Figure 6). Whereas in the case of solid solutions of BaF2 and
CaF2

6, BaF2 and SrF2,
6 or CaF2 and SrF2,

6,46 which crystallize in
the fluorite structure, up to five NMR lines, representing the
five possible cationic environments of the tetrahedrally
coordinated fluoride ions, were observed, here at maximum
two NMR lines can be separated (see Figure 6). This is due to
several characteristics of this system. First, the isotropic
chemical shifts δiso of the

19F NMR lines of BaF2 (152 ppm)
and LaF3 (143 and 192 ppm) are close to each other.
Furthermore, the mechanical treatment of the pure binary
fluorides leads to a broadening of their NMR lines (see Figure
6). The high defect concentration in the mechanically treated
materials, especially in the grain boundary affected regions of
the crystallites, leads to a large amount of fluoride ions situated
in slightly different chemical environments. Hence, these
fluoride ions experience slightly different magnetic field
strengths leading to a manifold of NMR lines with similar
chemical shifts which merge into a broad NMR line. This line
broadening eases the superposition of NMR lines which are
separated in the case of well-ordered materials. However, the
presumably most important aspect is the fact that the excess
positive charge of the La ions substituting the Ba ions in the
BaF2 has to be compensated by fluoride ions sitting on
interstitial sites which leads to the formation of a structurally
distorted lattice. For instance, in the case of Ba0.5La0.5F2.5 in
theory 1/5 of the fluoride ions have to occupy interstitial sites.
As already mentioned before, indications for the formation of
2:2:2 clusters, hosting the additional fluoride ions in
monocrystalline Ba1−xLaxF2+x, were found by neutron scatter-
ing.13 Since the slope of the lattice parameter as a function of x
is very similar to the one found for single crystals and judging
from the PDFs (vide supra), it seems likely that also for the
mechanosynthesized Ba1−xLaxF2+x these (or similar) cluster
structures are formed at least for the samples with x < 0.70.
Especially in the case of large x many fluoride ions should be
situated in slightly different chemical environments, e.g.,
fluoride ions at the different sites in the 2:2:2 clusters, fluoride
ions on regular sites close to displaced fluoride ion sites,
fluoride ions coordinated by different cation species, or fluoride
ions experiencing strain in the fluorite structure for instance
close to the 2:2:2 clusters. Thus, there should be many NMR
lines with slightly different chemical shifts which apparently
cannot be resolved anymore. As a consequence very broad
NMR lines emerge.
The fluoride ions at some of the sites associated with the

2:2:2 clusters might be represented by the NMR line with an
isotropic chemical shift of about 170 ppm in the spectrum of
the sample with x = 0.05 (see Figure 6), which was also
reported by Rongeat et al.47 This NMR line increases in
intensity with increasing x and, thus, increasing amount of
excess fluoride ions until it overlaps with the central NMR line.
That way an increasingly broad NMR line with a fwhm of up to
57 ppm for the sample with x = 0.775 is obtained. Thus, when
sticking to this hypothesis the 2:2:2 clusters and the fluorite-
type structure cannot be distinguished in the case of
Ba1−xLaxF2+x with x > 0.40 which implies that the whole
material is strongly affected by the 2:2:2 clusters in that
compositional range.

Figure 4. HRTEM micrograph of the sample with x = 0.80.
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In the spectra of milled BaF2 and of the sample with x = 0.05
also the NMR lines representing orthorhombic BaF2

3 (black
arrows in Figure 6) can be found. Orthorhombic BaF2 is a high-
pressure phase of BaF2

48,49 and known to form while
milling.3,7,48 For LaF3, which crystallizes in the tysonite
structure, three NMR lines in the case of monocrystalline
material were observed.50 These three NMR lines can be
attributed to the three different sites of the fluoride ions, F1, F2,
and F3, in the LaF3 lattice (see ref 50). The fluoride ions on the
F1 sites exhibit a chemical shift of approximately 143 ppm,
while the ones on F2 and F3 sites (which do not differ that
much from each other regarding their local cationic environ-
ments) can be found at around 192 ppm (see Figure 6). The
fluoride ions on the F1 sites are coordinated by 4 La3+ which
differ in distance d(La−F): 0.246, 0.248, 0.264, and 0.300 nm.51
The fluoride ions on the F2 and F3 sites are coordinated by 3
La3+ with a distance d(La−F) of approximately 0.242 and 0.244
nm, respectively.51 These short distances lead to the large
chemical shifts observed compared to the one representing the
fluoride ions on the F1 sites with clearly larger cation−fluoride
ion distances.52

The NMR lines representing the fluoride ions on the F2 and
F3 sites cannot be separated in the 19F MAS NMR spectra of
high-energy ball-milled LaF3. With decreasing x the two NMR
lines representing the fluoride ions on F1 sites or fluoride ion

sites in the structurally distorted fluorite lattice and the fluoride
ions on F2/3 sites converge until for the sample with x = 0.75
the two NMR lines can hardly be separated and eventually for
the sample with x = 0.65 only a single NMR line is observed.
Thus, with decreasing x the chemical environments of the
fluoride ions on the F2 and F3 sites become more and more
similar to the ones of the fluoride ions on the F1 sites or the
ones located in the fluorite-type Ba1−xLaxF2+x. Hence, the
microstructure seems to become more homogeneous.
Furthermore, this means that for the sample with x = 0.75
clearly and solely showing the XRPD pattern of the fluorite
structure an NMR line of considerable intensity representing
fluoride ions in distorted F2/3 sites can be seen (see the two
fit-lines in the spectra in Figure 6), which is in agreement with
the deliberations of Chernov et al.15 and the results of Kadlec et
al.16 (see Section I). It should be kept in mind that the TEM
micrographs as well as the XRPD patterns show no hints for
noteworthy amounts of amorphous material. Hence, it seems
that the structure of the crystalline material is homogenized
regarding the fluoride ion coordination spheres. These results
indicate a continuous transition from the fluorite to the tysonite
structure.
As observed for the lattice parameter (see Figure 3a), also in

the case of the chemical shift a linear dependence on x is
observed as shown in Figure 7. The change of the chemical shift

Figure 5. XRPD patterns of Ba0.35La0.65F2.65 (top) and Ba0.20La0.80F2.80 (bottom) after annealing for 6 h at 873 K in comparison to the XRPD patterns
of the mechanosynthesized samples with the milling times 10 and 24 h, respectively, before annealing. The green dotted lines show the positions of
the XRPD peaks of the Ba1−xLaxF2+x after annealing. The red bars indicate the positions of the XRPD peaks of BaF2 and the blue bars the ones of
LaF3.
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is associated with d(M−F), as was already discussed in refs 6
and 7. However, the NMR line representing the fluoride ions
on the F1 sites shifts toward larger chemical shift values with
increasing amounts of BaF2 and, thus, increasing lattice
parameter. At first glance this seems unexpected since an
expanding lattice, and thus expanding distances d(La/Ba−F),
should lead to a decrease of the isotropic 19F NMR chemical
shift.6,7,52 In fact such a behavior can be seen for the NMR line
representing the fluoride ions on F2/3 sites (see Figure 7).
Therefore, the increase of the chemical shift is most probably
due to a larger deshielding of the fluoride ions by the Ba ions
introduced with respect to the La ions. Simply put, the value of
the isotropic 19F NMR chemical shift can be treated as the sum
of the diamagnetic shielding and the paramagnetic deshielding

of the fluoride ions. The diamagnetic shielding is caused by the
electrons of the fluoride ion and is not affected by its chemical
environment. The paramagnetic deshielding, however, is caused
by the electrons of the atoms or ions surrounding the fluoride
ion. Its value can be determined by simply summing up the
respective contributions of these atoms or ions.52,53 Of course
the separation of the diamagnetic shielding from the para-
magnetic deshielding is rather hypothetical. The paramagnetic
deshielding of the fluoride ion strongly depends on the distance
d(M−F) in an exponential way.52 Thus, the smaller the initial
distance between the cation and the fluoride ion the larger the
change of the isotropic chemical shift when d(M−F) is varied.
Therefore, the fluoride ions on F2 sites can be distinguished
from the fluoride ions at the almost identical F3 sites in
polycrystalline LaF3

50 despite that Δ(d(M−F)) = d(M−F3) −
d(M−F2) = 0.002 nm. In BaF2 a distance of 0.268 nm between
the fluoride ion and the four Ba2+ leads to a chemical shift of
152 ppm. Although the distances d(La−F) of three of the four
cations coordinating the fluorine on the F1 site in LaF3 are
clearly smaller than 0.268 nm, its chemical shift is only 143
ppm. Therefore, as may already be estimated from their
different ionic radii, the deshielding of the La ions is smaller for
this distance regime than the one of the Ba ions. Thus, the
increase of the distances between the ions which should lead to
a decrease of the chemical shift is overcompensated by the
deshielding of the fluoride ions by the Ba ions. This leads to an
increase of the isotropic chemical shift with decreasing x.
However, when x is decreased below a certain value the
expansion of the lattice should overcompensate the higher
deshielding of the Ba ions due to the exponential decline of the
deshielding with increasing d(M−F), as illustrated in the inset
of Figure 7. Hence, the chemical shift should not increase
anymore but start to decrease toward the chemical shift value of
BaF2. In fact, this is observed: starting at a composition of x =
0.55 the chemical shift value decreases with decreasing x
(Figure 7).

Figure 6. 19F MAS NMR spectra of Ba1−xLaxF2+x with the compositions x as indicated, recorded at ν0 = 565 MHz with νrot = 60 kHz. For
comparison also the spectra of the milled binary fluorides are shown. The spectra of the samples with x = 0.75 and x = 0.80 were fitted by two lines
(see text for further explanations). The arrows show the NMR lines representing orthorhombic BaF2. Spinning sidebands are marked by asterisks.

Figure 7. Variation of the chemical shift of 19F in Ba1−xLaxF2+x with x.
The red points denote the maxima of the main NMR lines in Figure 6
corresponding to F− on their sites in the fluorite structure and F1 sites
in the tysonite structure. The blue rhombi denote the maxima of the
less intense NMR lines clearly visible for the samples with x ≥ 0.80
corresponding to F− on F2 and F3 sites in the tysonite structure. The
inset shows the deshielding of the F1 fluoride ions and the ones in the
fluorite structure by the two cation species as a function of the distance
between cation and fluoride ion d(M−F). See text for further
explanations.
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The decrease of the chemical shift of the NMR line
representing the fluoride ions on the F2/3 sites with increasing
BaF2 content is also due to the substitution of the La ions
coordinating these fluoride ions by Ba ions since the fluoride
ions on F1 sites share their cationic neighbors with the fluoride
ions on F2 and F3 sites. The increase of the, in this case initially
very small, cation−fluoride ion distances (vide supra) causes a
decrease of the chemical shift. This eventually leads to an
averaging of the distances between fluoride ions and cations in
the three coordinations spheres of the fluoride ions as already
described before.
Interestingly, the change of the chemical shift with x in a

range from x = 0.55 to x = 1 seems to be linear although in this
range the macroscopic structure of Ba1−xLaxF2+x changes from
fluorite to tysonite. This means that the change of the chemical
environment of the fluoride ions situated in Ba1−xLaxF2+x
crystallizing in the structurally distorted fluorite lattice to the
one of the F1 sites in the Ba1−xLaxF2+x crystallizing in the
distorted tysonite structure is continuous.
It should be noted that the 19F MAS NMR spectra of

annealed samples (18 h at 823 K) of the stable compounds (x
≤ 0.55), which are not shown here, do not differ in chemical
shift or shape when compared with their mechanosynthesized
counterparts but show just a slight decrease of the fwhm. Thus,
the microstructure of the mechanosynthesized, nanocrystalline
Ba1−xLaxF2+x with x ≤ 0.55 seems to be similar to the one of the
microcrystalline Ba1−xLaxF2+x.
C. Ionic Conductivity of the Compounds. In Figure 8

the temperature dependence of the dc conductivity taken from

the frequency-independent plateaus of the conductivity spectra
(σ as a function of frequency) of a selection of samples is
shown in an Arrhenius representation according to

σ = −T A e E k T
dc 0

/( )a B (2)

with

τ
=A

Nq fb
H k 60

2 2

r B 0 (3)

τ τ=− − eE k T
0

1 1 /( )a B (4)

where Ea denotes the activation energy; N is the particle density
of the charge carriers; b is the average jump distance of the
mobile ions; q is the electric charge of the mobile ions; 0 ≤ f ≤
1 gives the degree of correlation of the ion jumps ( f = 1:
uncorrelated jumps); Hr is the Haven ratio; τ−1 is the average
jump rate of the mobile ion; τ0 is the pre-exponential factor;
and kB is Boltzmannʼs constant (see, e.g., ref 54). The milling
times are the same as shown in Figure 1.
The ionic conductivities of the Ba1−xLaxF2+x compounds are

clearly larger than the ones found for the binary fluorides.
Compared to the dc conductivity of monocrystalline BaF2
reported by Sorokin et al.19 the dc conductivity of the BaF2
was also increased by approximately 3 orders of magnitude by
high-energy ball milling (see also Figure 9a and refs 3 and 55).
Interestingly, in the case of the LaF3 the mechanical treatment
shows no effect on the dc conductivity as can be seen by
comparison with the ionic conductivity of a single crystal
investigated by Sinitsyn et al.56

If the negative imaginary part of the impedance (−Z″) is
plotted versus its real part (Z′), a single depressed semicircle is
observed for all samples investigated in this study (see Figure
S3, Supporting Information). Therefore, the conductivity in the
grains cannot be distinguished from the one in the grain
boundaries which makes an elucidation of the processes leading
to the dc conductivities measured difficult.
The dc conductivity of the Ba1−xLaxF2+x compounds varies

with x in a range of approximately 0.6 orders of magnitude at a
temperature of 588 K as shown in Figure 9a. Starting from pure
ball-milled BaF2 the conductivity increases by about 1 order of
magnitude when going to Ba0.90La0.10F2.1. A maximum of
conductivity is observed for the sample with x = 0.40 which is
in good agreement with the results of Rongeat et al.47 for
mechanosynthesized Ba1−xLaxF2+x with x ≤ 0.55. From x = 0.40
on, the dc conductivity decreases with increasing x until a
minimum of the dc conductivity for the sample with x = 0.75 is
reached. If x is increased further a second maximum occurs at x
= 0.85. This behavior can be observed in a range from 350 to
588 K, although the positions of the maxima change from x =
0.30 and x = 0.90 at 350 K to x = 0.40 and x = 0.85 at 588 K,
respectively (see Figure 9a).
In the range from x = 0.10 to x = 0.40 the dc conductivities

at 588 K of the samples prepared are approximately 0.5 orders
of magnitude larger than the ones reported for monocrystalline
Ba1−xLaxF2+x by Sorokin et al.

19 In the case of the sample with x
= 0.50 the conductivities of the mechanosynthesized and the
monocrystalline material are very similar (see Figure 9a).
Sorokin et al.19 as well as Wapenaar et al.18 reported increasing
conductivities and decreasing activation energies with increas-
ing LaF3 content from x = 0 to x = 0.50. Andersen et al.,
however, found no decrease of the activation energy going from
x = 0.209 to x = 0.492 but a slight increase from 0.54 to 0.57
eV.13 In the case of the Ba1−xLaxF2+x samples prepared here the
conductivities increase from x = 0 to x = 0.40, and the
activation energies decrease between x = 0 and x = 0.20.
However, it should be noted that the latter vary by only 0.05 eV
in the range from x = 0.10 to x = 0.50 (see Figure 9b).
In Figure 9b also the pre-exponential factors A0 of the

mechanosynthesized samples are shown as a function of x. It
can be seen that the pre-exponential factors of the binary
fluorides are clearly smaller than the ones found for
Ba1−xLaxF2+x. Interestingly, A0 increases almost linearly from
x = 0.10 to x = 0.80 where a maximum of A0 is reached (see
Figure 9b). Since A0 depends on several parameters (cf. eq 3),

Figure 8. Logarithmic plot of the dc conductivities of some of the
mechanosynthesized Ba1−xLaxF2+x samples as a function of inverse
temperature fitted by using the Arrhenius eq 2. For comparison also
the dc conductivities of a BaF2 single crystal taken from ref 19 are
shown.
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it is hard to say which is the origin of this increase. However,
due to the linear increase of A0 it seems plausible to assume an
increase of the particle density of mobile fluoride ions N with
increasing x. No continuous change of the pre-exponential
factor with x was observed for monocrystalline Ba1−xLaxF2+x
with x ≤ 0.50 by Sorokin et al.19 It should be noted that by
keeping the value of the pre-exponential factor fixed to the
value found for the sample with x = 0.50 the quality of the
fittings of the Arrhenius plots is clearly reduced, and the
behavior of the activation energy as a function of x is not
changed significantly (not shown). Thus, the different
conductivity behavior of the monocrystalline and the
mechanosynthesized Ba1−xLaxF2+x seems to be real.
The different conductivity behaviors of the mechanosynthe-

sized Ba1−xLaxF2+x and the monocrystalline material might be
due to grain boundary effects as assumed by Rongeat et al.47 In
fact, the positions of the dc conductivity maxima seem to be in
quite good agreement with the minima of the average crystallite
size shown in Figure 3b. We will come back to this in the next
section. To find an alternative explanation, it should be recalled

that the PDF of the sample with x = 0.70 lacks a typical
distance of the 2:2:2 clusters which, however, was observed in
the PDFs of the samples with x = 0.20 and x = 0.50 (see section
A). Hence, the decrease of the ionic conductivity between x =
0.40 and x = 0.75 might be due to a change of the
microstructure of the grains or grain boundaries with x such
that the migration enthalpy or defect formation enthalpy
increases. Differing microstructures are often found for
mechanically treated or synthesized compounds and their
micro- or monocrystalline counterparts.5 However, if the
formation of percolation paths consisting of the distorted
fluorite lattice close to the 2:2:2 clusters is assumed, a decrease
of the conductivity is expected if the number of the presumed
non- or badly conducting 2:2:2 clusters is increased beyond a
certain number such that more and more paths are blocked by
these clusters. Such behavior was, e.g., found for mixtures of the
poor Li ion conductor Li2O and the insulator B2O3.

57 In this
context it should be recalled that the 19F MAS NMR spectra
showed a coalescence of the NMR line probably representing
the fluoride ions in the 2:2:2 clusters for the samples with x >

Figure 9. (a) Isothermes of the dc conductivities of mechanosynthesized Ba1−xLaxF2+x as a function of x at the temperatures indicated. The lines are
meant to guide the eye. For comparison also the isotherm of the dc conductivity of monocrystalline Ba1−xLaxF2+x at 588 K taken from ref 19 is shown
(dotted line). (b) Activation energies Ea and pre-exponential factors A0 of the samples as a function of x. See text for further explanations.

Figure 10. 19F NMR spectra of the Ba1−xLaxF2+x samples with x = 0.30, x = 0.40, x = 0.70, and x = 0.75 recorded at ν0 = 376 MHz at different
temperatures.
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0.40 (see chapter B). However, a decrease of the ionic
conductivity was not observed for monocrystalline Ba1−xLaxF2+x
up to x ≈ 0.50. Kadlec et al.16 assumed that this behavior may
be explained by the assumption that the clusters formed are
fragments of the tysonite structured fast fluoride ion conductor
LaF3 (see also ref 15) such that networks of these clusters
should also show a good ionic conductivity. As already
mentioned, Andersen et al.13 found evidence that at least
some of the fluoride ions in the 2:2:2 clusters are mobile.
Interestingly, the dc conductivity measured for the samples

with x = 0.90 and x = 0.85 is approximately 1 order of
magnitude smaller than reported by Reddy et al.24 They also
prepared Ba1−xLaxF2+x with 1 ≥ x ≥ 0.85 by high-energy ball
milling. However, their compounds were prepared by milling in
argon atmosphere and by using silicon nitride as a vial set
material. Thus, the atmosphere, the mechanical energy, or the
amount or kind of abraded material of the milling vial set
introduced into the mixture seems to have an influence on the
ion conductivity of tysonite-type Ba1−xLaxF2+x. Interestingly, the
ionic conductivity of single crystals of Ba1−xLaxF2+x crystallizing
in the tysonite structure is even higher than reported by Reddy
et al. for their mechanosynthesized samples.24,58 They assumed
that the decrease of the ionic conductivity is due to blocking
grain boundaries.47 In this context it might also be recapitulated
that high-energy ball milling of LaF3 did not increase its ionic
conductivity compared to monocrystalline LaF3. Thus, the
introduction of defects or grain boundaries into tysonite
structured Ba1−xLaxF2+x due to mechanical stressing seems to
impede the fluoride ion conductivity.
D. Static 19F NMR. To gain information on the fluoride ion

diffusion in Ba1−xLaxF2+x from a microscopic point of view and
to find answers to some of the questions raised by the results of
the conductivity measurements, temperature-variable static 19F
NMR measurements were performed on all samples. In Figure
10 the 19F NMR spectra of the Ba1−xLaxF2+x samples with the
highest (x = 0.30 and x = 0.40) and lowest ion conductivity (x
= 0.70 and x = 0.75), in a temperature range from 293 to 473
K, are shown. The NMR lines of the samples with x = 0.30 and
x = 0.40 consist of a single Lorentzian-shaped NMR line at 293
K, while the ones of the samples with x = 0.70 and x = 0.75
seem to be composed of at least two NMR lines. Furthermore,
the NMR lines of the latter samples are much broader than
those of the samples with x = 0.30 and x = 0.40. It should be
mentioned that, expectedly, all the NMR lines are much
broader than the NMR lines recorded under MAS conditions
due to dipolar interactions of the fluoride ions. Moreover, it
should be noted that the spectra of the samples investigated in a
compositional range of 0.10 ≤ x ≤ 0.50 are very similar to each
other as well as the spectra of the samples with 0.60 ≤ x ≤ 0.80
(see Figure S1, Supporting Information). The latter ones,
however, show an increase of the line width with increasing x.
At a temperature of 313 K the spectra of the four samples

shown in Figure 10 exhibit the emergence of a narrow NMR
line atop the broad NMR line. This phenomenon is called
motional narrowing in the case of the narrowing of a single
NMR line and coalescence if two or more separated NMR lines
fuse to a single, narrow NMR line. The origin of this effect is in
both cases the same: the ions change their positions in the
structure so fast that they lose their identity regarding their
magnetic environment. Therefore, these ions experience an
averaged magnetic environment and, thus, are represented by a
single, narrow NMR line.59 Motional narrowing can be
observed if the jump frequency of the ion species investigated,

or of the ions surrounding that species, becomes larger than the
fwhm of the non-narrowed NMR line (ΔRL). In the case of
coalescence the jump rate has to be larger than the distance
between the NMR lines which fuse to a single NMR line due to
the exchange of fluoride ions between the sites represented by
the initially separated NMR lines.59 Thus, for the samples with
x = 0.30 and x = 0.40 a jump rate of some of the fluoride ions
exceeding ΔRL = 46 kHz at 313 K can be deduced from the
spectra. For the narrow NMR line visible at T ≥ 313 K in the
spectra of the samples with x = 0.70 and x = 0.75 the
calculation cannot be done since it is not clear which and how
many NMR lines coalesce. The larger width of the narrow
NMR line in the case of the samples with 0.60 ≤ x ≤ 0.80
(fwhm ≈ 30 ppm at 473 K) compared to the ones of the
samples with x < 0.60 (fwhm ≈ 10 ppm at 473 K) is probably
due to a superposition of several narrow NMR lines with
slightly different chemical shifts, thus originating from different
NMR lines coalescing. This would mean that there is fast
exchange of fluoride ions between more than one pair of
chemically different fluoride ion sites. For comparison and
completeness it should be noted that the NMR spectrum of
BaF2 consists of a single broad NMR line, and no change of the
spectra with temperature up to 473 K was observed (not
shown). The spectrum of LaF3 (not shown) consists of two
NMR lines at ambient temperature, exhibiting a narrow NMR
line at temperatures larger than 333 K which is clearly narrower
than the ones observed for the samples with 0.60 ≤ x ≤ 0.80.
While for the samples with x = 0.30 and x = 0.40 a narrowing

of the entire NMR line with increasing temperature can be
observed until at a temperature of about 453 K only the narrow
NMR line is left, in the case of the spectra of the other two
samples shown in Figure 10, a broad NMR line is still visible
beneath the narrow NMR line even at 473 K. Thus, the ratio of
mobile fluoride ions to nonmobile or slow fluoride ions is
clearly larger in the case of the samples with x = 0.30 and x =
0.40 than for the samples with x = 0.70 and x = 0.75 which may
explain the decreased conductivity of the latter samples.
Furthermore, there seem to be no nonmobile or even slow
fluoride ions in the samples with 0.10 ≤ x ≤ 0.50 at
temperatures larger 453 K, although the fluoride ions in the
2:2:2 clusters, which seem to be present also in the
mechanosynthesized Ba1−xLaxF2+x (see sections A and B),
were expected to be nonmobile at these temperatures.18,21 In
the case of percolation pathways between the fluorite-type
structured material and the 2:2:2 clusters not all fluoride ions
should be highly mobile but only the fluoride ions in the
regions close to the 2:2:2 clusters. In that case a narrow line
atop a broad NMR line would be observed even at 473 K (see,
e.g., ref 60). However, also for the sample with x = 0.10 in
which only a part of the material should be affected by the
clusters a single narrow NMR line is obtained at 473 K (see
Figure S4, Supporting Information). Thus, the percolation
model outlined above seems inappropriate to describe the
fluoride ion conductivity of the mechanosynthesized
Ba1−xLaxF2+x since the whole material seems to be highly
conductive for the samples investigated with x ≤ 0.50.
Moreover, fluoride ions in the bulk and fluoride ions in the
grain boundaries cannot be separated by their diffusivity for the
samples with x ≤ 0.50. If the increased ionic conductivity was
caused by highly conducting grain boundaries, a narrow NMR
line atop a broad NMR line representing the less good
conducting bulk material should be observed. For the samples
with 0.60 ≤ x ≤ 0.80, however, the broad part of the NMR line
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might be associated with slow fluoride ions in the bulk and the
narrow NMR line with fast fluoride ions in the grain
boundaries. However, since the crystallite sizes for all
Ba1−xLaxF2+x samples investigated are quite similar it seems
more likely that a change of the microstructure is responsible
for the emergence of a broad NMR line beneath the narrow
NMR line for the samples with 0.60 ≤ x ≤ 0.80. This is also in
accordance with the broadening of the narrow NMR line (vide
supra) and the results discussed in section A. Wang et al.50

reported that the mobility of the fluoride ions in the F1
sublattice of LaF3 starts at lower temperatures and has a lower
activation energy than the ones in the F2 and F3 sublattices.
Therefore, the steady change of the character of the fluoride ion
environments from the one at the fluorite and F1 sites toward
the one of the F2/3 sites with increasing x might explain the
decrease of the fluoride ion mobility.
In Figure 11 the chemical shifts of the maxima of the narrow

NMR lines as a function of x are shown. The chemical shift

increases with x in an approximately linear fashion from x =
0.10 to x = 0.75. In the case of the tysonite structured
Ba1−xLaxF2+x the chemical shift values of the narrow NMR lines
are very similar to the chemical shift value of the narrow NMR
line in LaF3, indicating similar transport mechanisms in these
samples. Interestingly, the values of the chemical shifts of the
narrow NMR lines of the samples with x = 0.75, x = 0.775, and
x = 0.80 lie in-between the values of the chemical shifts of the
narrow NMR lines of the samples with x = 0.70 (167 ppm) and
x = 0.85 (177 ppm) (see Figure 11). Thus, there seems to be a
smooth transition regarding the dynamic behavior of the
fluoride ions when going from the fluorite to the tysonite
structured Ba1−xLaxF2+x reflecting the assumed continuous
change from the fluorite to the tysonite structure.

IV. CONCLUSIONS
Ba1−xLaxF2+x crystallizing in the cubic fluorite structure in the
large range of 0 ≤ x ≤ 0.775 was prepared by high-energy ball
milling. A linear change of the lattice parameter a is observed
for the samples in a range of 0 ≤ x ≤ 0.80. Ba1−xLaxF2+x with
0.55 < x < 0.80 turned out to be metastable at ambient
conditions and is, as already reported in different studies, most
probably not accessible by conventional solid state synthesis.
By employing 19F NMR, TEM, and X-ray total scattering,

several indications for a continuous change from the fluorite to
the tysonite structure by passing a structurally distorted
crystalline phase were obtained. This transitional phase,
found within a range from x ≈ 0.70 to x ≈ 0.85, combines
structural aspects of both crystal structures.

The mechanosynthesized fluorite-type Ba1−xLaxF2+x com-
pounds show slightly higher dc conductivities for x ≤ 0.40 than
observed for the monocrystalline Ba1−xLaxF2+x reported in the
literature. In the case of the tysonite-type Ba1−xLaxF2+x a
pronounced decrease of the ionic conductivity with respect to
the monocrystalline material was observed. A conductivity
maximum for the fluorite-type material was found for x ≈ 0.40.
For compositions with x > 0.40 the ionic conductivity decreases
until a conductivity minimum is reached for the sample with x
= 0.75. The decrease of the ionic conductivity is accompanied
by a change of the microstructure and diffusion behavior of the
fluoride ions as well as a decrease of the ratio of highly mobile
fluoride ions to nonmobile or slow moving fluoride ions.
For the samples with 0.10 ≤ x ≤ 0.50 a high mobility of all

fluoride ions at temperatures beyond 453 K in the Ba1−xLaxF2+x
was observed which means that (i) also the fluoride ions in the
2:2:2 clusters which seem to be present in the mechanosynthe-
sized Ba1−xLaxF2+x are highly mobile and (ii) the fluoride ion
diffusivities in the bulk and the grain boundaries do not differ in
a pronounced way. Thus, the enhanced ionic conductivity of
the mechanosynthesized fluorite-type Ba1−xLaxF2+x seems to be
caused by the distorted fluorite lattice decreasing the migration
or defect formation enthalpies for the fluoride ions in the whole
material.
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(7) Düvel, A.; Wegner, S.; Efimov, K.; Feldhoff, A.; Heitjans, P.;
Wilkening, M. Access to Metastable Complex Ion Conductors via
Mechanosynthesis: Preparation, Microstructure and Conductivity of
(Ba,Sr)LiF3 with Inverse Perovskite Structure. J. Mater. Chem. 2011,
21, 6238−6250.
(8) Lyakhov, N.; Grigorieva, T.; Barinova, A.; Lomayeva, S.;
Yelsukov, E.; Ulyanov, A. Nanosized Mechanocomposites and Solid
Solution in Immiscible Metal Systems. J. Mater. Sci. 2004, 39, 5421−
5423.
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Wilkening, M. unpublished results.
(39) Hammersley, A. P.; Svensson, S. O.; Hanfland, M.; Fitch, A. N.;
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