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An investigation of the fluorite-type Ba;_,Bi,F,,, (0 = x = 0.45) solid solution has been carried out by
conductivity measurements and by °F NMR on samples quenched from 700°C. Application of the
‘‘clustering process’’ model to Ba, ,Bi F,_ ., which involves a conductivity maximum for x,, . = 0.35,
has allowed us to propose a progressive transformation within the solid solution of 4 : 4: 3 clusters into
8:12: 1 clusters as x increases. Interpretation of the NMR results is based on the existence of different
fluoride ion sublattices and partial exchange between them at increasing temperature. A diffusive
character of the F~ ion motion is ascertained above T = 320 K by comparing the activation energies
determined by NMR and conductivity measurements. The NMR study confirms the validity of the
clustering process proposed for Ba,_,Bi,F,, ; and illustrates the difference in the electrical behavior of

interstitial fluoride ions belonging to the 4:4:3 and 8:21: 1 clusters.

1. Introduction

Different criteria characterizing the high
mobility of the F~ ions in the M?: M'2*e
F,. .. (@ = 1,2,3) solid solutions with fluo-
rite-type structure has been pointed out in
some exhaustive investigations (I, 2): va-
cancies in the normal anionic sublattice,
high polarizability of the cations, significant
size difference between the various types of
cations involved etc. They have allowed us
to isolate a large number of very fast ionic
conductors such as Pb;1sBigqsFy0s (3,
ABIiF, (A = K,Rb,Tl) (4), PbSnF, (5), etc.
These starting criteria are also responsible
for the establishment of a short-range order
in the apparently disordered solid solutions;
the resulting transport properties depend
closely on the type of clustering and its ex-
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tension at increasing substitution rate. Re-
cently we have proposed a model relating in
a continuous manner the composition de-
pendence of the electrical properties and the
progressive extension of the clustering with
increasing x in the M2+ M'2*°F,, . solid
solutions (6, 7).

The application of this clustering process
model to various solid solutions has allowed
us to determine the nature of the clusters set
up in the materials. These extended defects
appearing for x = 0.01 are labelled n; : n,: 4
and based on the association of », vacancies
in the normal positions of the fluorite-type
network, n, F’ (3,u,u) and n, F" (v,v,v) inter-
stitial anions (8). So the existence of the
n + 1:2n:1 single-file monodimensional
clusters, of the 2n + 2:3n:2 and 2n +
2:4n:2 two-file ones, the length of which
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grows when x increases, has been estab-
lished respectively for Pb,_,BiF,_,,
pb,_,In.F,,,, and Pb,_,Zr.F,_ ;. (9). The
Ca,_.Ln,F, ., series is characterized either
by presence of 1:0: 3 clusters when Ln** is
a large size cation (10) or by progressive
transformation with rising x of 4:4: 3 clus-
ters into cubooctahedral 8:12:1 clusters
when it is a small size cation, e.g., Lu**
(11). The validity of the short-range models
proposed for the solid solutions has been
confirmed by the good fitting between the
calculated numbers of vacancies and of in-
terstitial anions and those experimentally
determined by '"F NMR or neutron dif-
fraction.

Our investigations have been extended to
the fluorite-type Ba,_ Bi F,, (0 = x=<0.45)
solid solution (/2): we aimed at determining
the clustering process from the composition
dependence of the F~ ion conductivity. A
F NMR study and a neutron diffraction
investigation have been simultaneously car-
ried out for several compositions to check
the validity of the short-range order model
proposed for Ba,_ Bi, F,, ..

This paper collects the results obtained
from conductivity measurements and "°F
NMR studies achieved on samples obtained
in similar experimental conditions. Valuable
information relative to the existence of vari-
ous possible sites for the F~ ions and to the
diffusion of mobile fluoride ions could be
expected from the NMR investigation and
confronted with the anionic conduction
properties.

II. Reminder of the Properties of the
Phases Belonging to the BaF,-BiF; System

XRD analysis of the BaF,-BiF; system
after synthesis from the binary fluorides at
700°C in sealed gold tubes and quenching
from that temperature had allowed us to de-
tect (12)

(i) for 0 = x = 0.45, a disordered cubic
symmetry solid solution of composition
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Ba,_,Bi F,_,;its structure is of the fluorite-
type.

(i1) for 0.45 < x < 0.50, an ordered solid
solution of composition Ba,_ BiF,,,
whose structure derives from the fluorite-
type.

(i11) for 0.83 = x = 0.95, a disordered hex-
agonal solid solution of the tysonite-type.

IIL. Electrical Properties of the
Ba,_,Bi.F,, (0 = x =< 0.45) Solid
Solution Quenched from 700°C

Conductivity measurements have been
carried out on powder samples pressed to
form pellets, sintered at 700°C in large
sealed gold tubes, and then quenched. The
compactness of the pellets was about 90%.
Vacuum evaporated gold was used as elec-
trodes. The bulk resistance was measured
by the complex impedance method using a
Solartron frequency response analyzer (13).
The frequency range was 10~>~10% Hz; mea-
surements were carried out for several tem-
perature cycles between 20 and 250°C.

In this temperature range, for all samples
investigated, the temperature dependence
of the conductivity is in agreement with an
Arrhenius-type law.

Figure 1 gives, for instance, the conduc-
tivity isotherm at T = 400 K and the varia-
tion of the activation energy AE_ as a func-
tion of substitution rate for the
Ba,_,Bi F,,, solid solution quenched from
700°C: a maximum of log o ¢ associated
with a minimum of AE appears clearly for
Xmax. = 0.35.

There is a large analogy between the com-
position dependences of the electrical prop-
ertics of the disordered Ca,_ Y. F, (0 =
x =0.38) (/1) and Ba,_Bi,F, . (0 = x =
0.45) solid solutions. On the other hand, the
existence of cubooctahedral 8:12:1 clus-
ters has been shown as well in the Ca,,YF,,
tveitite (/4) as in the related ordered Ba, _,
Bi,F,_, (0.45 < x =< 0.50) phase (12}. These
results have incited us to propose for Ba, _,
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Fi1G. 1. Composition dependence of log o4 ¢ and AE,, for the Ba,_,Bi,F, ., solid solution quenched

from 700°C.

Bi,F,,, (0 = x < 0.45) the same clustering
process as that previously detected for
Ca,_Y,F,,,, i.e., a progressive transfor-
mation of 4:4:3 clusters into 8:12: 1 ones
as x increases.

IV. Proposition of a Clustering Process in
Ba, . Bi.F,,. (0 <x < 0.45)

The clustering process model allows us to
correlate the composition dependence of the
electrical properties and the progressive
clustering extension when x increases in the
fluoride anion excess CaF,-type solid solu-
tions of M3 M'2**F,_ (a = 1,2,3)formu-
lation (7). According to this model the sum
of interstitial fluoride ions and the amount
of vacancies in normal sites are respectively
represented by the functions (yiy ), and

(¥o)w:. Which depend on three parameters
called A\, m, and x:
mx3 + Axix

(Yinthot. = P xz

(m-—a)x*+ (A — a)xx
Voo = [ xf :

The A and m parameters define respec-
tively the clustering conditions for the low-
est and highest values of x; x is bound with
electrical properties: its value is close to
Xmax » SUbstitution rate for which a conduc-
tivity maximum can be observed in the com-
position dependence of conductivity (7).

The presence in Ba,_,Bi,F,, . of a con-
ductivity maximum for x_,, = 0.35 and the
hypothesis of a progressive transformation
of 4:4:3 clusters into 8:12: 1 clusters as x
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increases result in a precise determination
of the A, m, and x, parameters for that solid
solution:

A=7B;m=13/5;x, = 12V2 = 0.353.

Table I gives the analytical expressions
representing (Yint.)tot.’ (yD)tot.’ (yF’)tot. and
(¥t » and their respectively calculated
values for x = 0.20, 0.30, and 0.40. We have
included in Table I the values of y;, , ¥g,
yg, and yg- relative to 4:4:3 and 8:12:1
clusters.

V. YNMR Investigation of the
Ba,_.Bi.F,., (0 <x < 0.45) Solid
Solution Quenched from 700°C

The samples correspond to various sub-
stitution rates (x = 0.10, 0.20, 0.30, and

TABLE I

ANALYTICAL EXPRESSIONS OF (¥Yipwors (Yoot s
(¥rdot.s AND (g, FOR Bay  Bi.F,,, QUENCHED
FROM 700°C AND VALUES OF FUNCTIONS RELATIVE TO
4:4:3 AND 8:12:1 CLUSTERS CALCULATED FOR x =
0.20, 0.30, and 0.40.

x 0.20 0.30 0.40
Fin ot 0.479 0.733 0.993
(YO, 0.279 0.433 0.593
(¥ o, 0.318 0.534 0.773
(Yoo, 0.161 0.199 0.220
Gin -1 0.353 0.407 0.409
S 0.202 0.232 0.234
(Ve a3 0.202 0.233 0.234
75 0.151 0.174 0.175
Yadds: 2.1 0.126 0.326 0.584
(yo)e. 2.1 0.077 0.201 0.359
YFdsiaen 0.116 0.301 0.539
Ve 121 0.010 0.025 0.045
Note.
e = x(312x2 + 35) G = x(192x2 + 20)
ymL tot. 15(8x2+ 1) ’ )’Dw!. - 15(8x2+ ])
_ x(288x2 + 20). _ x(24x% + 15)
(yF’)tot. - 15(8X2 + l) 2 (yF”)!ot. - l5(8x2 + l) .

215

0.40) of the Ba,_,Bi,F,,, solid solution
quenched from 700°C. They have been pre-
pared in the same experimental conditions
as those used for electrical measurements.

V-1. Experimental—High Resolution Solid
State NMR

NMR experiments were performed on a
Bruker MSL.-200 spectrometer (B, = 4.7 T)
equipped with a standard variable tempera-
ture unit in the temperature range — 150 to
150°C.

A ‘“‘one pulse’”’ sequence program has
been used instead of the ‘‘Hahn-echo’ se-
quence that is generally used for the (I = %
nuclei in solids. The reasons of this substitu-
tion are the following:

—The fluoride anions in the investigated
samples have different diffusion coeffi-
cients.

—The “‘one pulse’’ program which uses
a very short 7/2 pulse length time (0.61 us)
allowed us to obtain a large domain of the
flat central portion in the power irradiation
spectrum.

The spectrometer operating conditions
have been the following:

—Spectrometer frequency: 188.283 MHz.

—Pulse program: 90° pulse width, 0.7 us;
dead time delay (ringdown delay), 6 us; re-
cycle delay time, 10 s.

Simulations of the ’F NMR lines were
performed using the ‘“‘LINESIM” program
provided by Bruker. This program allows
adjusting peak position, peak height, line
width, ratio of Gaussian and Lorentzian
functions, and relative proportions of their
areas.

When a single Gaussian cannot fit exactly
with the registered spectrum, an appropriate
mixing of Gaussian and Lorentzian func-
tions is used for the simulation. It is the case,
in particular, for the spectra concerning the
motional narrowing temperature range.
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FiG. 2. F NMR spectrum for pure BaF, at 295 K and for the BaggBij ,oF, ;o sample at different

temperatures.

V-2. Results

V-2-1. The Bay g Biy oF2.10 composition.
The '°F NMR spectrum is given for various
temperatures in Fig. 2 for Bag 4oBig oF2.19- A
large peak, called p,, is shown, the thermal
variation of which is very weak in the tem-
perature range considered (263—413 K). The
relative variation of the second moment
(M,) in the spectra recorded at 263 and 413
K is only 3%.

Whatever the temperature, the fullwidth
at half-height (FWHH) of the spectrum ob-
served for BaggBig oF,10 is significantly
larger (=35 KHz) than that of BaF, (=22
KHz) (Fig. 2). This line broadening can be

attributed to Bi3*-F~ dipolar interactions
in Bag goBiy. 10F>.10-

The p, peak is large enough to be consid-
ered as the sum of two lines, one corre-
sponding to fluoride ions located in normal
positions of the CaF,-type structure and the
other to anions slightly relaxed from those
positions.

On the other hand, in the high frequency
domain a small peak, called p,, can be ob-
served at low temperature (Fig. 2); it disap-
pears at rising temperature but is replaced
by another small peak, p,.. Attributing both
peaks to particular fluoride ion positions is
difficult, all the more as their contribution
to the total line is very small (=1 to 2% for
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p, at 263 K and =2 to 3% for p,. at 413 K).
They could be interpreted as fluoride ions
constituting respectively nn and nnn pairs
(15, 16). Indeed these tiny peaks are missing
in the spectra obtained for materials corre-
sponding to higher substitution rates, i.e.,
belonging to a composition domain where
well organized clusters appear. The investi-
gation of samples corresponding to x < 0.10,
for which the contribution of p, and p, ought
to be larger, will permit confirmation of our
hypothesis.

V-2-2. The Ba,_.Bi.F,., compositions
(x = 0.20, 0.30, and 0.40). Figure 3 gives,
for example, the °F spectrum at different
temperatures for the Ba, ,,Bi, 50F, 3 compo-

“ll

153
213
233
253
273
295
313
323
333
343
353
P, 363

,..
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sition. Analogous results have been ob-
tained for x = 0.20 and 0.40.

Two peaks, called p, and p,, are shown
at very low temperatures (7 < 200 K) and
can be attributed, whatever the value of x,
to fluoride ions localized respectively in nor-
mal sites of the fluorite-type lattice and out-
side of those positions; their contribution is
temperature independent, which means that
all F~ ions present are fixed in the NMR
time scale in this temperature domain.

Above a T, temperature, a new peak,
called p,, located between the p, and p,
peaks can be observed. It is growing with
the temperature and it represents the fluo-
ride ions which are mobile above 7.

313
383
393
403
413

x ® O® X OR®X R X R ™ X X X®ER X X X

40000 20000 0

-20000 -40000 (Hz)

FiG. 3. Thermal variation of the YF NMR spectrum for the Bag 7,Bij 3F3 3, composition.
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FIG. 4. Deconvolution of the F NMR spectrum at 233 and 313 K for Bay 7,Big 3F5 59-

The relative contributions of the three
peaks observed at each temperature are de-
termined by deconvolution of the whole
spectrum. Figure 4 gives, as an example, the
deconvolution of the ’F NMR spectrum at
223 and 313 K for the Ba,, 5(Bi; 3,F, 5, compo-
sition: the fluoride ions rates considered as
proportional to the areas of the p,, p,, and
P Peaks can be so determined for each tem-
perature used. The temperature dependence
of those rates is given respectively in Fig.
Sa and Fig. 5b for x = 0.20 and x = 0.30.

Above Ty, p, and p,, merge progressively
at rising temperature (Fig. 3); this phenome-
non results from an increase of the number

of mobile fluoride ions and from a simultane-
ous decrease of the amount of non mobile
fluoride ions of p, type (Fig. 5).

Above a new temperature T, (7, > T,), p,
coalesces in turn with p,, when the tempera-
ture increases (Fig. 3). It means that the
number of mobile fluoride ions increases
now quickly not only to the detriment of the
fluoride ions of p, type, but especially to that
of F~ ions of p, type.

Above a T, temperature (7; > T,), the
number of the fixed fluoride ions of p, type
becomes almost constant and temperature
independent up to the highest experimental
temperature considered (413 K); this
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FiG. 5a. Temperature dependence of the fluoride ion rates assumed to be proportional to the p;, p,,

and p,, peak areas for Bag g Big 5F; 5.
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F1G. 5b. Temperature dependence of the fluoride ion rates assumed to be proportional to the p,, p,,

and p,, peak areas for Bay ,,Bij 3,F; 3.
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TABLE 11

VALUES OF T}, T,, AND T; TEMPERATURES FOR THE
Ba,_,Bi,F,,, CoMpPoSITIONS RELATIVE TO x = (.20,
0.30, AND 0.40

SOO ET AL.

TABLE III

RATES OF FLUORIDE I0NS NON-MOBILE IN THE TEM-
PERATURE DOMAINS CONSIDERED AND LLOCALIZED IN
NoRrMAL (F,) OR INTERSTITIAL (Fi ) SITES

X 0.20 0.30 0.40 x 0.20 0.30 0.40
T =240 K =210 K =240 K Low temperature
T, =290 K =260 K =320 K (Tr<T1)
T, =350 K ~350 K ~370K (P 7% 69% 60%
PDiim. 23% 31% 40%
High temperature
o (T; < T<413K)
amount of p,-type fixed F~ ions increases (pyy, 6% 12% 20%
with x (Fig. 5). . Clustering model
The T, T;, and T; temperatures, given (y,_ )., 21.77% 31.87% 41.37%
in Table II cannot be determined with high  (¥nom)wt. 78.23% 68.13% 58.63%
accuracy. Nevertheless, it appears clearly (Vi) 16.04% 17.70% 17.04%

that T, and T, are slightly lower for x = 0.30
than for x = 0.20 and 0.40.

V1. Diffusion and Clustering in the
Ba,_ Bi F,, . Solid Solution

The F NMR study for the Ba,_ Bi F,,,
compositions corresponding to high values
of x (x = 0.20) has allowed us to show two
exchange mechanisms between fluoride
sublattices which occur progressively at in-
creasing temperature.

The temperature dependence of p, (Fig.
5), which represents the fixed anion rate for
the F~ 1ons located outside the normal sites,

at low temperature : (Foomim = VoormJtor, =
(Fint.)lim
at high temperature : ( Fi, Jim

(T<T)

(T, < T < 413 K)

Hence the "F NMR investigation of
Ba,_,Bi F,,, confirms the validity of the
clustering process proposed from the model
for that solid solution. Furthermore, it has
shown that in the considered temperature
domain the first fluoride ions mobile at low

shows the existence of two groups of inter-
stitial F~ ions: those which are mobile
above T, and those which are not yet mobile
above T; and are even fixed at 400 K.

By extrapolation of p, at low temperature
and of p, at low and high temperatures, the
lower and upper limit rates of fixed fluoride
ions at low and high temperatures can be
deduced and compared in Table III to those
calculated from the model (Table I). What-
ever the value of x:

2 - (yEl)toL
= (Yintrot.
= (YineJs:12:1

temperature are the interstitial anions be-
longing to the 4 : 4 : 3 clusters. At higher tem-
perature in turns the anions located in the
normal positions become mobile, but the
interstitial fluoride ions belonging to the
8:12: 1 clusters do not seem participate in
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the conductivity mechanism in the tempera-
ture domain concerned by the measure-
ments,

VII. Comparison of the Activation
Energies Deduced from NMR and
Conductivity Measurements

The activation energy of the mobile F-
ion relaxation for the x = 0.20, 0.30, and
0.40 compositions has been determined
from the thermal variation of the jump fre-
quency.

Line narrowing occurs when the fluorine
jump frequency v, is of the same order of
magnitude as the rigid lattice linewidth
value. The thermal variation of v, can be
deduced, as vsual (/7), from that of Ay,,,
half-width measured at T temperature.

The determination of Av,, is difficult to
achieve in the temperature domain investi-
gated due to partial overlapping of p,, and p,

(Hz)

log Ve

4.8
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lines and then of p,, p,, and p,. Conse-
quently, the jump frequency v, has been de-
termined only in the high temperature do-
main, i.e., above 320 K.

Figure 6 shows the variation of log v, vs
10 T-! for x = 0.20, 0.30, and 0.40. An
activation energy AEy can be deduced for
each sample.

In the high temperature domain consid-
ered where the anionic motions are en-
hanced by the increasing temperature, they
contribute to a relaxation which is thermally
activated. In the temperature range where
relaxation results simultaneously from the
atomic and spin diffusion, the measured ac-
tivation energy represents 3 of the activation
energy of the atomic motions (18, 19).
Hence the activation energy of the mobile
fluorine ions (p, sublattice) is AE, = (%)
AEg. The values of AE, are given for x =
0.20, 0.30, and 0.40 in Table IV.

At a given temperature the jump fre-

1000 / T(K)

2.8 3.0 3.2

F1G. 6. Variation of log », vs 10°T ! for x = 0.20, 0.30, and 0.40.
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quency v, in the temperature range 320-413
K is higher for x = 0.30 than for x = 0.20
and 0.40 (Fig. 6). On the other hand, a lower
value of AE, is observed for x = 0.30 (Table
IV). Those results are in agreement with the
composition dependence of the electrical
properties (Fig. 1).

The temperature dependence of p, in this
temperature range is thermally activated
and corresponds to an Arrhenius-type law
(Fig. 5). The values of AE, are given for
x = 0.20, 0.30, and 0.40 in Table 1V: the
x = 0.30 substitution rate leads to a lower
value of AE, than x = 0.20 and 0.40, in
agreement with the composition depen-
dence of transport properties (Fig. 1).

Table IV allows one to compare the acti-
vation energies AE, (AE, = AE, + AE,)
deduced from the NMR investigations and
AE, determined from the conductivity mea-
surements; for each value of x, a good
agreement is observed between AE, and
AE . Such a result shows clearly the diffu-
sive character of F~ ion motions.

Furthermore the NMR investigation con-
firms the existence of a conductivity maxi-
mum connected to an activation energy min-
imum in the composition dependence of
electrical properties. The x = 0.30 sample
is characterized by a larger carrier mobility
and a lower distribution width of the activa-
tion energies, with respect to the x = 0.20
and x = 0.40 compositions.

VIII. Conclusions

The investigation of the composition de-
pendence of the transport properties of the
Ba,_.Bi F,,, (0 = x =< 0.45) solid solution
quenched from 700°C has given evidence of
a conductivity maximum associated with an
activation energy minimum for x_,, = 0.35.
A clustering process has been proposed for
Ba,_,Bi F,,,: it consists in a progressive
transformation of 4:4:3 clusters into
8:12:1 clusters as x increases.

The NMR study has shown the existence

SOO ET AL.

TABLE IV

COMPARISON OF THE ACTIVATION ENERGIES DE-
DUCED FROM THE NMR anD CoNDUCTIVITY MEA-
SUREMENTS

x 020 030 0.40
AE, (ev) 036 033 038
AE, (eV) 0.24 020 0.25
AE, (V) (AE, = AE, + AE;) 0.60 0.53  0.63
AE, (eV) 0.65 055 0.62

oftwo F~ ion sublattices, the first represent-
ing the normal sites of the fluorite-type
structure, the second the interstitial sites.
Two subgroups of interstitial anions belong-
ingto4:4:3and8:12: 1 clusters have actu-
ally been identified by an electrical behavior
which differs with rising temperature. In the
temperatutre domain concerned, the first
anions which are mobile at low temperature
are the interstitial anions belongingto4:4: 3
clusters, the F~ ions occupying the normal
positions become only mobile at higher tem-
perature; on the contrary, the interstitial
anions of the 8:12: 1 cubooctahedral clus-
ters do not participate as mobile ions in the
conductivity mechanism.
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