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The high performance fluoride ion conductors o-PbSnF, and BaSnF, have been studied using X-ray 
diffraction, ‘%n Mossbauer spectroscopy, and EXAFS. X-ray diffraction shows the unit-cell is a 
tetragonally distorted fluorite-type, with ordering of the metals which results in a superstructure along 
the c axis. The Sn-K, Pb-LI, and Baa& X-ray absorption spectra of cu-PbSnF, and BaSnF4 as well as 
model compounds (SnO, fi-PbFz, and BaFJ have been recorded at 300 and 77 K. Analysis of the 
extended fine structure (EXAFS) of cu-PbSnF4 and BaSnF, indicates they have a similar local structure 
around the corresponding metal atoms with average nearest neighbor distances of RSwF = 2.08(3) A, D 
RPbF = 2.50(3) 8, and ReaeF = 2.67(2) A. The good agreement between the Pb-F and Ba-F distances 
derived from EXAFS with diffraction results and ion pair estimates indicates that the Pb and Ba ions 
determine the close-packing arrangement of the crystal structure. EXAFS shows that the local struc- 
ture is much better defined around Pb and Ba than around Sn. This and the weak temperature 
dependence of the Sn-K EXAFS indicates a lower rigidity of next-neighbor fluorine shells around Sn 
than around Pb or Ba. In the a-PbSnF,, structural type, the metal M (Pb or Ba) is in an eightfold 
coordination site similar to the cubic coordination in the fluorite-type, whereas Sn is in a unique SnF,E 
pseudooctahedral coordination, with the lone pair E being stereoactive and making the materials 
strongly anisotropic. This is confirmed by the large quadrupole splitting observed in Mossbauer spec- 
troscopy, A = 1.52(2) mm/s for cr-PbSnF, and 1.52(l) mm/s for BaSnF,. The mobile fluoride ions are 
probably disordered and widely spread over conduction paths, and they remain disordered even at low 
temperature when their long range motion is frozen. The structural results are discussed in relationship 
to proposed mechanisms for ionic conduction in these materials. 0 1991 Academic Press, Inc. 

I. Introduction on the ionic mobility in materials which 
crystallize in the fluorite-type structure. 

In recent years, there has been a great This interest has focused on their unusually 
deal of experimental and theoretical work high conductivity at temperatures which 

are several hundred degrees below their 
* To whom correspondence should be addressed. melting points. Among the fluorite type 
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MF2 materials, P-PbF2 is by far the best 
conductor (about five orders of magnitude 
better than CaF2, SrF2, or BaFJ. The con- 
ductivity of P-PbF2 and BaF2 can be 
boosted by substituting some Pb (Ba) with 
Sn(I1); a substitution rate of 50% leads to an 
increase of the conductivity by three orders 
of magnitude, as shown in Fig. 1 (Z-3). The 
fast ion properties of PbSnF4 were first dis- 
covered by RCau et al. (3) and this material 
has remained, to date, the highest perfor- 
mance fluoride ion conductor. 

Detailed structural studies are required 
to understand the mechanism of fluoride 
ion mobility in these materials. The fluorite- 
type MF2 compounds, and more particu- 
larly /3-PbF2, have been the subject of nu- 
merous X-ray and neutron diffraction 
studies. In contrast there have been rela- 
tively few studies of MSnF4 compounds. 
Structural studies of a-PbSnF4 and BaSnF4 
have been attempted by X-ray and neutron 
diffractions (3-6); however, these were not 
accurate enough: the RN and RWP residual 
factors were 0.079 and 0.119 for BaSnF4 
and 0.23 and 0.34 for a-PbSnF4, respec- 
tively (6). One of the main reasons is that, 
to date, single crystals of sufficiently good 
quality cannot be obtained. Indeed, when 
a-PbSnF4 is prepared from the reaction of 
Pb(NO& and SnF2 in aqueous solutions, 
very thin platelets (diameter/thickness > 
100) are formed which are too thin to be 
collected. BaSnF., cannot be prepared by 
the same method using barium nitrate (7, 
8). In addition, single crystals cannot be ob- 
tained from the melt, since both com- 
pounds decompose below their melting 
point (9). Therefore, most of the structural 
investigations have been limited to the 
study of powders. Because of the low scat- 
tering of X-rays by F, compared to Sn, Pb, 
and Ba, and also because of the strong pre- 
ferred orientation exhibited by these mate- 
rials, neutron diffraction is required to 
determine the fluoride ion positions. How- 
ever, analysis of the neutron diffraction 

RECIPROCAL TEMPERATURE 
1000/T (K-1) 

FIG. 1. Conductivity of MF2 and MSnF4 (M = Pb 
and Ba) (1, 2). 

data is made difficult by the very strong tex- 
ture (sheet structure) of the materials, 
which gives an inadequate line shape and 
line width for the Bragg peaks and results in 
the high residual factors given above (6). 
This problem was particularly severe in 
a-PbSnF4 and precluded the refinement of 
the profile of its neutron powder pattern to 
a satisfactory R factor. However, isotypy 
of a-PbSnF4 with BaSnF, could be con- 
firmed. Since PbSnF4 is to date the highest 
performance fluoride ionic conductor and 
previous structural studies were not fully 
successful, the use of a more appropriate 
technique for obtaining structural informa- 
tion is warranted. 19F solid state NMR has 
also been performed and shows the pres- 
ence of several kinds of fluoride ions, some 
mobile and others rigid (2, 10). 

Ordinarily, the energy required to move 
an ion from one lattice site to another in a 
perfectly ordered crystal is prohibitively 
large. Ionic conduction in superionic solids 
is believed to be mediated by defects in the 
crystal structure, such as cation or anion 
vacancies in the lattice or displaced atoms, 
etc. (II, 12). EXAFS (extended X-ray ab- 
sorption fine structure) has been a very use- 
ful probe of superionic conductors (13-15), 
because of its ability to probe the local 
structural environment of particular atom 
types in compound conductors. Analysis of 
the EXAFS spectra of normal and super- 
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ionic phases of several cationic conductors 
has revealed a great deal about the correla- 
tions between the highly mobile cations and 
the fixed anion lattice (16). Diffraction has 
been used previously to study the more 
heavily defective alkaline earth fluorides 
but it is inherently limited when applied to 
disordered solids as it provides only aver- 
age structural information (13-U). 

We have used X-ray diffraction, Moss- 
bauer spectroscopy, and EXAFS to study 
the isotypic a-PbSnF4 and BaSnF4 com- 
pounds. X-ray powder diffraction provides 
the relationships between the lattice of 
MSnF4 and P-PbF2 and shows the type of 
lattice distortion and metal ordering present 
in the MSnF4 compounds. Mossbauer spec- 
troscopy establishes the tin hybridization 
and shows unambiguously that the tin(B) 
lone pair is stereoactive and electrically in- 
active, and that the tin site is highly dis- 
torted. EXAFS gives structural information 
about the metal sites (coordination, inter- 
atomic distances, and bond rigidity). The 
complementarity of the results from the 
three techniques is discussed in terms 
of structure/property relationships in the 
MSnF4 ionic conductors. 

II. Experiments, Materials, and 
Data Analysis 

The chemicals used in the syntheses and/ 
or as standards in the physical measure- 
ments were: PbF2 99.9%, from Alfa; BaF2 
from Baker & Adamson; SnFz 99.8% from 
Sharpe Chemical Co.; SnO powdered sam- 
ple from OSI. a-PbSnF4 was obtained by 
precipitation on addition of an aqueous so- 
lution of Pb(NO& to a hot solution of SnF2, 
according to a published procedure (7, 8). 
BaSnF4 was prepared by reaction of solid 
BaF2 with liquid SnF2 at 500°C under dry 
nitrogen (8, 9). The reaction mixture was 
contained in a sealed copper tube as de- 
scribed in (17). 

X-ray powder diffraction was carried out 

on a PW 1050-25 Philips diffractometer, us- 
ing the Ni-filtered K, radiation of copper 
(A = 1.54178 A). Tin-119 Mossbauer spec- 
troscopy was performed using a Cal 19mSn03 
y-ray source from Amersham, an Elscint 
driving system working in the constant ac- 
celeration mode in the range -8 to +8 mm/ 
s, and a Tracer Northern multichannel ana- 
lyzer (Model TN 7200) operating in the 
multiscaling mode (18). The spectra were 
fitted on a CDC Cyber 835 main frame com- 
puter, using the GMFPS program (19), 
which is a modified version of the GMFP 
software of Ruebenbauer and Birchall (20). 

X-ray absorption spectra at the Sn-K 
(29.2 keV), Pb-L3 (13.035 keV), and Ba-L3 
(5.247 keV) edges were recorded at the 
Cornell High Energy Synchroton Source 
(CHESS), in transmission mode. Details of 
the experimental procedures have been 
given previously (21, 22). Data processing 
was carried out with conventional Fourier 
filter and k-space curve-fit techniques (23) 
using both calculated spherical wave ampli- 
tude and phase functions (24) and experi- 
mental standards to derive distance, coor- 
dination number, and Debye-Waller (A.a2) 
information. k’-weighting of the data was 
used. 

III. Results and Discussion 

3. I. Unit-Cell 

Table I compares the unit-cell parame- 
ters of a-PbSnF4 and BaSnF4, determined 
by X-ray powder diffraction, to those of 
/3-PbF2 and BaF*. The unit-cell of MSnF4 is 
a tetragonal distortion of the fluorite-type 
(Fig. 2), such that the a and b parameters 
are equal to half the diagonal of the a,b face 
of fluorite and c is doubled. Since there are 
two MSnF4 per unit-cell, compared to four 
MF2 per unit-cell of fluorite, the change of 
volume is due only to the difference in ionic 
sizes and not to the lattice transformation. 
It should be pointed out that the origin of 
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FIG. 2. Relationship between the unit-cells of MFz 
fluorite type (a, b, c) and MSnF4 (M = Pb and Ba) (a’, 
b’, c’). The metal ions located on the front and the 
back (a,c) faces of the MF2 cells have been omitted for 
clarity. 

the unit-cell of MSnF4 does not have to be 
on the metal site like in MF2. The relation- 
ship between the unit-cells is clearly visible 
when one compares their X-ray powder dif- 
fraction patterns (Fig. 3), which can pro- 
vide a hint about the structure of MSnF4, as 
shown in the next paragraph. Four main 
changes are observed: (i) the tetragonal dis- 
tortion causes a splitting of all (hkl) Bragg 
peaks with 1 # h; (ii) the 45” rotation of the 
axes in the (a,b) plane, with the MSnF4 
axes having half the length of the diagonals 
of the (a,b) face of MF2, changes the h and k 
indices of all peaks except (001); (iii) the 
doubling of the c axis shows in the doubling 
of the 1 index; and (iv) the larger c parame- 
ter and lower symmetry (from Fm3m to P41 
nmm) makes new peaks appear. The com- 
bination of the four effects results in the 

TABLE I 

UNIT CELL PARAMETERS OF MSnF4 AND 
MF2 (M = Pb AND Ba) 

M = Pb M = Ba 

MF*Y 
a(& 5.940 6.2001 
V(P) 209.58 238.34 
Z 4 4 
Crystal system Cubic Cubic 
Space group Fm3m Fm3m 

MSnF4: 
a(A) 4.220(l) 4.3564(6) 
c(& 11.415(3) 11.289(2) 
V(‘4’) 203.3(l) 214.2(l) 
cl2a 1.35 1.30 
Z 2 2 
Crystal system Tetragonal Tetragonal 
Space group P4lnmm P4lnmm 

Relationship of unit cell parameters of 
MSnF4 and MF2b 

a’ = alti 
b’ = a’ 
c' = 2c 
V’ = v 
Z' = 212 

a The unit-cell parameters for the MFz fluorides 
were taken from [25 and 261. 

h a, b, c, V, and Z (number of unit formulas in the 
unit-cell) refer to MF2 and a’, b’, c’, V’ and Z’ refer to 
MSnF4. 

> 
25 20 15 10 5 

EJ(CU-K~)/~ 

FIG. 3. Relationships between the X-ray powder 
pattern of (a) MFz fluorite type and (b) MSnF4 (M = Pb 

following changes (MSnF4 peaks are and Ba). 
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primed): 
-change of indexation and splitting of 

fluorite peaks, 
(111) -+ (102)’ 
(200) -+ (100)’ and (004)’ 
(220) -+ (200)’ and (114)’ 

and 
-the appearance of new peaks, 

(OOl)‘, (002)‘, (lOl)‘, (113)‘, (104)‘, 
(OOS)‘, (201)‘, and (006)‘. 

3.2. Interatomic Distances and 
Atomic Coordination 

The unit-cell analogy between MSnF4 
and MFZ fluorite-type strongly suggests a 
close relationship between the two struc- 
tures. The symmetry reduction from cubic 
to tetragonal, the loss of the F lattice trans- 
lation and the doubling of the c parameter 
indicate that M and Sn are most likely or- 
dered in the c direction, although other rea- 
sons cannot be ruled out with certainty at 
this point. Tin-l 19 Mossbauer spectro- 
scopic results (Table II) show that the pa- 
rameters for cz-PbSnF4 and BaSnF4 are very 

, I 0 I 

-5.2 -2.6 0.0 2.6 5.2 

VELOCITY ( MM/S I 

TABLE II 

“?Sn M~SSBALJER SPECTROSCOPIC RESULTS FOR 
a-PbSnF4 AND BaSnF4 AT 298 K. RESULTS FOR or-SnFz 
AND CsSnBr3 ARE PRESENTED FOR COMPARISON 

Compound G(mm/s)cJ A(mmis) Ref. 

cr-PbSnF1 
BaSnF4 
a-SnF2 
CsSnBr, 

3.25(l) 
3.255(6) 
3.430(3) 
3.93 

1.52(2) This work 
1.52(l) This work 
1.532(3) (27) 
0 (28) 

u Isomer shifts are references to CaSn03 as zero 
shift at 298 K. 

similar to those observed in a-SnF;! (27). 
The large quadrupole splitting (Fig. 4) is 
characteristic of a significant pz contribu- 
tion to the lone pair of tin(II), which is 
5.~-~5p~ hybridized. This situation, similar 
to that encountered in c-u-SnFz and in all 
other known tin(I1) fluoride containing 
compounds, is characteristic of a lone pair 
that is strongly stereoactive and which oc- 
cupies an apex of the coordination polyhe- 
dron of the tin atom, as defined by Gillespie 

! I 

-5.7 -2.8 0.0 2.8 5.7 

VELOCITY l MM/S 1 

FIG. 4. IYjn MBssbauer spectrum of (a) cu-PbSnF4 and (b) BaSnFl at 298 K. 
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and Nyholm (29), Galy et al. (30), and 
Brown (32). This results in a strong distor- 
tion of the coordination of divalent tin, 
which cannot be similar to the cubic coordi- 
nation of Pb and Ba in /3-PbF2 and BaF2. 
This forces Sn and Pb/Ba to order. This 
strongly contrasts with CsSnBr3, which has 
the perovskite structure with a regular octa- 
hedral coordination of tin(I1). This is possi- 
ble only because, in the latter case, the 
tin(I1) lone pair is unhybridized, i.e., it has 
a purely s (5s25po) spherical distribution, 
and therefore tin can take a regular highly 
symmetrical environment. In such cases, 
the larger s electron density gives a much 
more positive isomer shift, and the absence 
of p electron density, together with the reg- 
ular environment, result in a zero quadru- 
pole splitting (Table II). Such a situation, 
which is not found in ar-PbSnF4 and 
BaSnF4, would be required for tin(H) to 
take a cubic coordination like Pb and Ba. 
The lattice obtained from X-ray diffraction 
is shown in Fig. 2. The Mossbauer spectro- 
scopic results indicate that Pb and Sn can- 
not have similar coordinations, therefore 
they must be ordered, unless there is local 
site distortion like in PbSn4Flo (18). If Pb 
and Sn were not ordered, there would be no 
reason to lower the symmetry and create a 
supercell when going from MF2 to MSnF4 
[see the case of PbSn4Flo (18)]. The only 
way to order Pb and Sn in the lattice ob- 
served by X-ray diffraction, for the same 
overall cationic sublattice as that found in 
fluorite, is that shown in Fig. 2. This type of 
order consists of two planes of Sn parallel 
to (a,b) alternating with two planes of Pb, 
also parallel to (a,b). Therefore, the metal 
ions are ordered along c according to the 
following sequence: 

. . . Pb Pb Sn SnPb Pb. . . 

Another experimental observation corrobo- 
rates the above model: the crystal habit 
(very thin plates perpendicular to c) de- 
scribed in the introduction shows that ex- 

tremely strong cleavage occurs between 
planes parallel to (a,b), and between these 
planes, bonding is quasi-nonexistent. 
Bridging Pb-F-Pb bonds are strong in all 
directions in the isotropic fluorite-type; 
therefore the lone pairs from the tin(I1) at- 
oms, which are always pointed in a direc- 
tion opposite to the bonds, must preclude 
bonding between the two adjacent tin lay- 
ers. Symmetry conditions force the lone 
pairs to be oriented parallel to c, otherwise 
each of them would be repeated by the four- 
fold axis (space group P4lnmm) and each 
tin would have four lone pairs. On the other 
hand, when the lone pair of each tin is ori- 
ented parallel to c, its multiplicity is the 
same as that of tin and only one lone pair 
per tin(I1) is obtained after applying the 

44 

- 77K 

--- 300 K 

a-PbSnF, 

I . . . . I,, , . I . . . . 
0 2 4 6 I 

Radial Distance (RI 

FIG. 5. Magnitudes of the Fourier transforms of the 
Sn-K EXAFS of SnO (300 K), wPbSnF4 and BaSnF4 
recorded at 77 and 300 K. A common vertical scale is 
used throughout. 
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Radial Distance (A) 

FIG. 6. Magnitude of the Fourier transforms of the 
Pb-L, EXAFS of P-PbF2 and cu-PbSnF4 recorded at 
300 K. See Table III for a summary of the k-ranges 
used in the transform as well as derived parameters. 

symmetry conditions of the space group. 
Furthermore, the lone pairs belonging to 
the tin(I1) atoms of one plane must point 
toward the adjacent tin(I1) layer to make 
Sn-F-Pb bridges possible. 

The information obtained from X-ray 
powder diffraction and Mossbauer spec- 
troscopy is corroborated and supplemented 
by neutron powder diffraction (6) and 
EXAFS. The Fourier transform (FT) mag- 
nitudes of the /&weighted Sn-K, Pb-L3, 
and Ba-L3 EXAFS of a-PbSnF4, BaSnF4, 
and related models are presented in Figs. 5, 
6, and 7, respectively. The average M-F 
first shell distances and coordination num- 
bers are presented in Table III in compari- 
son with diffraction results where these are 

available. The wave number range trans- 
formed and the radial distance ranges used 
for reverse transform (Fourier filter) analy- 
sis are summarized in Table III. Quantita- 
tive average M-F distances have been de- 
rived using phase and amplitude functions 
from spherical wave calculations (24) and 
experimental models. P-PbF2 and BaF2 
have been used as experimental Pb-F and 
Ba-F standards since they have similar lo- 
cal structure and similar Pb-LJBa-L3 edge 
shape to c;r-PbSnF4 and BaSnF4. Stannous 
fluoride SnF2 is unsuitable as an Sn-F 
EXAFS standard since the monoclinic 
polymorph, which is the only stable phase 
at 300 K (33), contains two types of Sn at- 
oms, each with a different type of coordina- 
tion and a range of fluorine near neighbors 

I"“,"'. l "'. 

- 77K 

l..,.l....l....J 

2 4 6 8 
Rodiol Distance (A) 

FIG. 7. Magnitudes of the Fourier transforms of the 
Ba-L, EXAFS of BaF, (77 and 300 K) and BaSnF4 
(300 K only). 
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TABLE III 

COMPARISON OF INTERATOMIC DISTANCES AND COORDINATION NUMBERS DERIVED FROM 
EXAFS WITH DIFFRACTION RESULTS 

EXAFS” 

Species T(K) 
Calculated 

R(h 

Expt Diffraction 

Nh N ~T~(~O-~A~) R’ kd d(M-X)(A) N Ref. 

cr-PbSnF4 

BaSnF4 

SnO 

u-PbSnF4 
/3-PbF2 

BaSnF4 

BaFz 

300 
77 

300 

77 
300 

300 
300 

300 

300 
77 

Sn-F distances (Sn-K) 
2.10(3) 2.11(2) - 5.2 0.8-3.0 3.6-11.2 
2.11(l) 2.12(2) 4.3 2.2 0.6-3.0 3.2-l 1.4 
2.06(l) 2.08(3) 16.5 0.6-2.8 3.2-12.6 

2.02(2) 2.07(2) 6.4 11.9 0.6-2.8 3.2-12.6 
2.22(l) - (4) 3.8’ 0.8-3.0 2.5-14.5 

Pb-F distances (Pb-LJ 
2.45(3) 2.55(3) 6.6 14.2 0.6-3.0 2.1-11.9 
2.47(3) - (8) 13.4’ 0.6-3.0 3.2-12.0 

Ba-F distances (Ba-L3) 
2.65(3) 2.68(2) 4.6 8.5 1.0-4.0 2.0-9.8 

2.67(2) 2.66(2) 7.2 4.6 1.2-4.2 2.5-9.8 
2.65(l) (8) 4.2 

2.029(4) 1 (6) 
2.282(l) 4 (6) 

2.22(2) 4 (32) 

2.578 1 (25) 

2.626(l) 4 (6) 
2.955(2) 4 (6) 
3.148(l) 4 (6) 
2.68 8 (25) 

a EXAFS results (first shell average M-X distance, errors are statistical only and do not incorporate system- 
atic errors such as those associated with phase transferability or accuracy of calculated phase functions). 
Calculated R: distances derived using spherical wave calculated phases (24). Experimental distances: coordina- 
tion number, and Debye-Wailer parameters derived using experimental phase and amplitude models from the 
first shell Sn-K EXAFS of SnO (300 K), Pb-L3 EXAFS of /3-PbF2 (300 K), and the Ba-L3 EXAFS of BaF2 (300 
K). N: coordination number (220%). 

b Diffraction results: d(M-X): M-X distances in A (M = Sn, Pb or Ba; X = F or 0); N: coordination number; 
Ref, reference number. 

c R, range used for Fourier filtering. 
d Range of wave number data Fourier transformed. 
o DW derived using calculated amplitude functions (24). 

(34). Instead, SnO was used as an experi- The FT magnitudes of the Sn-K EXAFS 
mental model for Sn-F phase and ampli- of a-PbSnF4 and BaSnF4 (Fig. 5) are domi- 
tudes. SnO has four equal Sn-0 distances nated by a broad first-shell Sn-F signal with 
in a regular square pyramidal tin(I1) coordi- essentially no signal from more distance at- 
nation (32) with a well-defined first-shell oms, even at 77 K. The main effect on the 
EXAFS signal (Fig. 5). Such an “adjacent- EXAFS of increased temperature (77 + 
Z” approximation is frequently used in 300 K) is to broaden the main peak in the 
EXAFS analysis and results in errors in ra- 
dial distances of the order of 0.02 A. The 

FT magnitude, although detailed analysis 
indicates that the Debye-Waller parameter 

Sn-K EXAFS of SnO is in good agreement does not change greatly with temperature 
with that reported earlier by Yamaguchi et (Table III). This suggests that the fluoride 
al. (35). ions adopt a wider range of positions at 
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TABLE IV 

SUMMARYOF M-F PARAMETERSDERIVED FROM MULTICOMPONENTANALYSESOF 
FOURIER-FILTERED FIRST-SHELL EXAFS 

Component 

Species Edge Model Parameter 1 2 3 Fit” 

BaSnF, Sn-K SnO-300 K R (A) 2.17 2.34 1.2 
(300 K) N 2.3 3.1 

Acr2 (lOmi z&*Jb 9.0 18 
Eo -8.5 0.3 

PbSnFI Sn-K SnO-300 K R (A) 2.15 2.30 0.9 
(300 K) N 1.9 1.3 

Acr’(10m3 A2, -0.4 -1.3 
El -0.4 0.0 

BaSnF4 Ba-L BaFz-300 K R (A) 2.68 2.90 3.31 1.7 
(300 K) N (0.5) (0.5) (0.5) 

Au2 (IO-’ A*) -6.2 0.9 45 
Eo -1.S -4.0 -4.0 

” IO3 times the sum of the squares of the differences between calculation and Fourier- 
filtered experimental data. 

b Difference on square of Debye-Wailer term, relative to that of the model. 
‘ Values fixed to the diffraction results during tit. 

9 

higher temperature (i.e., increased static 
disorder). Comparison of the Fourier mag- 
nitudes of the Sn-K EXAFS for cr-PbSnF4 
and BaSnF4 (Fig. 5) indicates that BaSnF4 
has a broader first shell peak and also a 
larger decrease in amplitude between 77 
and 300 K. This suggests that BaSnF4 has a 
wider range of Sn-F distances than 
cu-PbSnF4, even at lower temperatures. 

The tin environment in BaSnF4 obtained 
from neutron diffraction (6) consists of sev- 
eral closely spaced Sn-F distances which 
are not resolvable by EXAFS. We have 
used curve fit techniques to investigate the 
sensitivity of Sn-K EXAFS to this aspect 
of the structure. The results, based on the 
room temperature Sn-0 first-shell EXAFS 
data as a model, are presented in Table IV 
and in Fig. 8. Although the fit quality is 
good and the two Sn-F distances derived 
are in reasonable agreement with those de- 
termined by diffraction, the relative num- 
bers of each type of fluorine do not appear 
to be correctly reproduced. In addition the 

quality of the fit is not much better than that 
to a single component. A similar two-com- 
ponent curve fit analysis was carried out on 
the Fourier-filtered first-shell Sn-K 
EXAFS of PbSnF4 (Table IV, Fig. 8) which 
the present results (diffraction, MGssbauer, 
and EXAFS) all suggest has a similar Sn 
local environment. 

In contrast to the Sn-K EXAFS, which 
has an exclusively first-shell Sn-F signal, 
the Pb-L3 and Ba-L3 FT magnitudes (Figs. 
6 and 7) exhibit considerable signals at 
higher distances (2.8-4.8 A). In each case 
the dominant first shell Pb-F and Ba-F sig- 
nals of the MSnF4 compound are broader 
than that for the MF2 standard, indicating a 
greater range of M-F distances from either 
thermal motion or static disorder. Unfortu- 
nately, the low temperature Pb-L3 and 
Ba-L3 spectra of the MSnF4 species were 
not run in these cases so it is difficult to 
estimate the relative importance of these 
two factors. 

The ionic radii (36) relevant to close- 
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FIG. 8. Comparison of Fourier-filtered and curve-fit 
results for (a) first-shell Sn-F in BaSnF4, (b) first-shell 
Sn-F in a-PbSnF4, (c) first-shell Ba-F in BaSnF+ See 
Table IV for a summary of the parameters. 

packed ionic bonding between Sn-F, Pb-F 
and Ba-F pairs of atoms are listed in Table 
V in comparison with the average first-shell 
distances (for all species and all tempera- 
tures) derived from EXAFS. The agree- 
ment between the summed ionic radii and 
the M-F distances is excellent for both 
Pb-F and Ba-F but the EXAFS-derived 
first-shell average Sn-F distance is nota- 
bly shorter than that predicted from ionic 
radii. This is not surprising since it has been 
shown that Sn-F bonds in divalent tin fluo- 
rides have a significant amount of cova- 
lency (33, 34, 37, 38). Partial overlap be- 
tween the fluorine and the tin valence 
orbitals brings the two atoms closer to each 
other than would be expected for two hard 

TABLE V 

NEAREST NEIGHBOR DISTANCES PREDICTED FROM 
IONIC RADII COMPARED TO EXAFS RESULTS 

NN Distance (A) 

Ion pair Predicted” Average (EXAFS) 

Sn-F 2.26 2.08(3) 
Pb-F 2.53 2.50(5) 
Ba-F 2.67 2.67(2) 

a The sum of ionic radii: F- (1.33 A), SnZ+ (0.93 A), 
Pb*+ (1.20 A), and Ba*+ (1.34 A) (36). 

shell ions held near each other by electro- 
static attraction only. 

In BaF*, there are eight equal Ba-F dis- 
tances of 2.68 A (Fig. 9a). Ba is in the cen- 
ter of a Fs cube and F is in the center of 
a regular Ba, tetrahedron (39, 40). In 
BaSnF4, there are two groups of four equal 
Ba-F distances, 2.626 and 2.955 A, respec- 
tively, and Ba is shifted toward one of the 
square faces of its polyhedron of coordina- 
tion (Fig. 9b). There are four additional dis- 
tances at 3.148 A; however, these are only 
secondary weak bonding. Tin(II), which 
cannot take a cubic coordination because of 
its stereoactive lone pair, manages to fit in 
the quasicube network of BaF2 units by 
binding to one face of the empty Fs quasi- 
cubes, which are located between the BaFS 
quasicubes. The tin(I1) lone pair is located 

(a) t 

I-- 

(b) (Cl 

Ti 
5 

FIG. 9. Coordination of Ba and Sn in BaFz and 
BaSnF+ (a) Ba in BaF2, (b) Ba in BaSnF,, (c) Sn in 
BaSnF,; 0 is a F vacancy. 



ORDEREDMSnF4FLUORIDEIONICCONDUCTORS 11 

on the opposite side of tin, and is clearly 
stereoactive, as shown by Mossbauer spec- 
troscopy. The four fluorine atoms that 
would complete the SnFs cube if the lone 
pair was not stereoactive, have moved into 
empty F8 cubes adjacent to tin, and on the 
opposite side of the lone pair, to form a 
short Sn-F axial bond. This results in a 
SnF@ pseudooctahedral coordination of 
tin, with four equivalent equatorial bonds 
(Fig. SC). This coordination, which has 
been described as the AXsE configuration % 
by Brown (31), has been observed in some 
Sb(III), Te(IV), I(V), and Xe(V1) com- 
pounds. However, it has not been found 
previously in tin(II), which seems to prefer 
lower coordination (AJL$ pseudotetrahe- 
dral and A&E pseudotrigonal bipyramidal). 
It should be noted that Sn(2) in a-SnF;? 
takes a strongly distorted 8 configuration 
with a short axial bond of 2.048 A and four 
unequal equatorial bonds of 2.197, 2.276, 
2.386, and 2.494 A (34). A related and 
unique Sn04E square pyramidal coordina- 
tion of tin(II), with four equivalent equato- 
rial bonds, but no axial bond, is found in 
black SnO (32, 40). The structure of 
BaSnF4 contains three types of fluorine at- 
oms: two of them are in a pseudotetrahe- 
dral coordination [F(l) in Ba4F, and F(2) in 
Ba*SnZF], whereas F(3) is in a terminal po- 
sition and forms the short axial Sn-F bond. 

The Ba-L3 data were analyzed with k- 
space curve-fit techniques to see if EXAFS 
gave evidence for the multiple Ba-F dis- 
tances. These results are summarized in 
Table IV and Fig. 8. In this case the derived 
distances are in good agreement with the 
values determined by neutron diffraction. 
As with the Sn-K curve-fit results, l- 
component, 2-component, and 3-compo- 
nent fits were of similar quality so a unique 
answer is not provided. Tressaud et al. (41) 
have recently reported a Ba-L3 and Mn-K 
EXAFS study of Bar-,Mn,Fz ionic conduc- 
tors. As in this work, the disorder in the M- 
F distances gave difficulties in determining 

a unique local structure from EXAFS 
alone. As in the present work, the environ- 
ment of the larger cation is less disordered. 

3.3. Structure and Fluoride Ion Mobility 

MSnF4 is made of double layers of MFs 
quasicubes sandwiched between two layers 
of SnF4F’E pseudooctahedra (F = equato- 
rial fluorines, F’ = axial fluorine, E = lone 
pair). Its structure is closely related to the 
fluorite type with the two main differences 
being: (i) tin and lead are ordered along the 
c axis as follows: . . . Pb Pb Sn Sn Pb Pb 
Sn Sn . . . , as suggested by the lattice ob- 
tained from X-ray diffraction, and (ii) the 
fluorine layer which would normally be be- 
tween the two adjacent tin layers is absent; 
the fluorine atoms that would have made 
that layer have moved to non-occupied F, 
cubes adjacent to tin and form the axiaf 
Sn-F bond (6). Figure 10 shows that the 
replacement of half the Ba of BaF2 by Sn to 
give BaSnF4 results in a change from a 
three-dimensional -[Fz Ba],-stacking se- 
quence to the highly layered structure [E Sn 
FZ (F Ba) Fz (Ba F) FZ Sn El, with E being 
the tin(U) lone pair, and where the atoms 
enclosed by parentheses, i.e., (F Ba) and 
(Ba F), are nearly coplanar. The structural 
layers have no bonding interactions be- 
tween them since they are separated by the 
tin(I1) nonbonding pairs and the fluorine 
layer that should connect them has moved 
inside the two adjacent layers to form ter- 
minal axial bonding to tin. This explains the 
sheet texture of the crystallites and the high 
anisotropy of these materials. 

The Sn-K EXAFS amplitudes are not 
strongly temperature dependent between 
77 and 300 K, as indicated by the small De- 
bye-Waller factor variation. These results 
are consistent with previous studies of CY- 
PbSnF4 and BaSnF4 (3-5). First, Pb substi- 
tution for Sn reduces the symmetry of the 
fluorite structure causing increased disor- 
der of the fluorite crystal structure as evi- 
denced by the broadening of the nearest 
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--F---F--‘F---F-‘F---F-- 
I 
1 

FIG. 10. Projection of the structure of (a) BaF? on the (b,c) plane, and (bt BaSnF, on the (a”.c’) plane 
(a” = a’ + b’). The F8 cubes/quasicubes are represented by dashed lines. The double lines indicate the 
unit-cell. 

neighbor (NN) peak in the EXAFS. Sec- 
ond, the absence of significant temperature 
dependence in EXAFS seems to be in con- 
tradiction with i9F NMR (IO), which clearly 
shows the presence of two kinds of fluorine 
atoms, one highly mobile, the other station- 
ary at 300 K, whereas no fluorine is mobile 
at low temperature (120 K). To reconcile 
the results from the two techniques, one 
has to remember that NMR studies of dipo- 
lar effects probe ionic motion, whereas in 
diffraction and EXAFS techniques, strong 
correlations occur between motional and 
static disorder effects. Diffraction studies 
of Zt4F2 fluorides have shown the presence 
of a considerable amount of disorder on the 
fluoride sublattice in the superionic phase 
(42, 43). Therefore, one can reasonably as- 
sume that the MSnF4 compounds, with 
structures derived from the fluorite type, 
also have disordered fluoride ion sublat- 
tices. In addition, the much larger conduc- 
tivity of MSnF4 probably implies a much 

higher degree of disorder. This is the most 
probable cause for the poor agreement be- 
tween diffraction results and the predic- 
tions of models in which all fluorine atoms 
are in fixed lattice positions, well coordi- 
nated to Sn and Pb/Ba. At least some of the 
disordered fluoride ions, if they are easily 
mobile, are on loosely defined sites, spread 
over conducting paths, and therefore are 
not directly associated with particular 
metal atoms. The absence of well-defined 
interstitial sites for fluoride ions in P-PbF2 
has been demonstrated from variable tem- 
perature X-ray diffraction (5, 42, 43). At 
any instant some of the tin atoms have less 
fluoride ions than expected in an ideal 
structure. The small temperature depen- 
dence of the EXAFS indicates that the un- 
certainties in the structure are much more 
related to static disorder than thermal mo- 
tion, i.e., the more mobile ions are the dis- 
ordered ones, and since the disordered 
ones are hardly detected by EXAFS, 
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whether they are moving or stationary 
makes little difference to the EXAFS spec- 
trum. This is consistent with the NMR 
results (IO), which show that there is very 
little exchange between mobile and nonmo- 
bile fluorines. 

The good agreement between the Pb-F 
and Ba-F EXAFS-derived distances with 
the ion pair estimates (Table V) indicates 
that Pb and Ba are the elements which de- 
termine the close-packing arrangement of 
the crystal structure. Also, EXAFS shows 
that the environment is much better defined 
around Pb and Ba than around Sn (i.e., 
there is a narrower NN distribution, and 
higher (M-M) distances are clearly dis- 
cerned in the FT magnitude of the Ba-L3 
and Pb-L3 EXAFS but not the Sn-K 
EXAFS). 

The high ionic mobility in the fluorite- 
type structure has been traditionally attrib- 
uted to their ability to accommodate 
Frenkel defects, i.e., a combination of F 
vacancies and F interstitials, the interstitial 
sites being inside the empty F8 cubes. The 
presence of one kind of F inside the F8 
quasicubes of BaSnF4 could explain the 
large increase of F mobility, provided the 
exchange from axial F to equatorial F is 
easy. However, the axial Sn-F bond is 
clearly shorter than the sum of the Sn2+ and 
F- ionic radii. Therefore it contains a sig- 
nificant degree of covalency, and most 
likely is difficult to break. In addition, the 
Frenkel defects model does not apply very 
well to BaSnF4 since all Fg quasicubes not 
occupied by a Ba are occupied by a termi- 
nal fluorine. Furthermore, Frenkel defects 
do not explain why the conductivity of 
/3-PbF2 is much higher than that of BaF*, 
when the latter has clearly more space in its 
empty Fs cubes for hosting interstitial fluo- 
ride ions. The higher polarizability of Pb(I1) 
has been held responsible for the enhanced 
fluoride mobility of /3-PbF2. Similarly, the 
high polarizability of Sn(II) could explain 
the high conductivity of SnFz (44), since 

there are no empty sites in SnF2 to allow for 
a high concentration of Frenkel defects. 
The above considerations do not lead to 
clear structural reasons for the superionic 
conductivity of the MSnF4 materials. Since 
they have no empty Fg cubes to host inter- 
stitial fluoride ions, the high polarizability 
of tin(U) is most likely one of the main fac- 
tors involved, together with the remarkable 
ability of the MSnF4 structure to accommo- 
date a large amount of disorder on the an- 
ionic sublattice, and possibly other types of 
defects. The fact that the conductivity of cy- 
PbSnF4 is much higher than that of BaSnF4 
can be attributed to the presence of two 
highly polarizable cations, viz., Sn(I1) and 
Pb(I1). 

Miissbauer spectroscopy also provides 
information about the conduction mecha- 
nism. One could postulate that the high 
conductivity of the MSnF4 materials origi- 
nates in the mobility of the tin nonbonded 
electron pair, which would make the com- 
pounds metallic conductors. However, the 
structure and the Mijssbauer parameters 
show that the lone pair is located on a 
hybridized 5s2-3px orbital which is highly 
localized, since it is constrained to the 
valence shell of a single tin atom. This con- 
trasts with compounds such as CsSnBr3, 
with a nonhybridized nonbonded pair (28). 
The nonlocalized lone pair is easily de- 
tected by structural studies (regular coordi- 
nation of tin) and by Miissbauer spectros- 
copy (high isomer shift, zero quadrupole 
splitting). This type of nonstereoactive lone 
pair can give rise to semiconducting proper- 
ties, or even metallic conductivity, as was 
observed in CsSnBr3 at high temperature, 
with transfer of the lone pair to the conduc- 
tion band of the solid (28). The structure 
and Miissbauer spectrum of MSnF., clearly 
show that the tin lone pair in these mate- 
rials is hybridized, stereoactive, and local- 
ized, and therefore cannot be a charge car- 
rier. This is corroborated by transport 
number measurements, which show that F- 
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ions are responsible for at least 99% of the 
total charge transport (I, 2). 

Summary 

Even though a-PbSnF4 and isotypic 
BaSnF4 were reported first in 1967 and 
197.5, respectively, they resisted structural 
studies because of a combination of factors, 
including difficulties in growing single crys- 
tals, the high texture of the polycrystalline 
material, the presence of heavy metals, and 
the disorder on the fluoride sublattice. We 
have used a combination of structural tech- 
niques to investigate the local site and over- 
all crystal structure of these fast ionic con- 
ductors. 

X-ray powder diffraction has provided 
the unit-cell and shown that their structure 
derives from that of the fluorite type, with 
tetragonal distortion and order of the 
metals along the c axis of the cell. How- 
ever, the strong texture and the presence of 
heavy atoms (Pb, Ba) made impossible the 
localization of fluorine atoms (the mobile 
species), and therefore hindered attempts 
to provide a static structural explanation of 
the mechanism of fluoride ion mobility. 

Because neutron scattering factors do 
not increase with the square of the number 
of electrons, Pb, Ba, Sn, and F have com- 
parable neutron scattering factors, and the 
light atom fluorine is not overshadowed by 
the heavy metals like in X-ray diffraction. 
Neutron powder diffraction (6) was suc- 
cessfully used for the localization of the flu- 
oride ion sites and yielded the rigid polyhe- 
dra of coordination and packing. However, 
neutron powder diffraction, which is usu- 
ally a very powerful technique, was limited 
here by the highly anisotropic shape of the 
crystallites and the disorder on the fluoride 
sublattice. 

EXAFS and Mossbauer spectroscopy 
have provided information on local struc- 
tural features. EXAFS shows that the MFg 
pseudocubes (M = Pb or Ba) are the build- 

ing blocks of the MSnF., structures and are 
responsible for their analogy with the fluo- 
rite type. The disturbed environment of tin 
is underpopulated in fluorine, and the dis- 
placed fluorines are not ordered on specific 
crystallographic sites. According to pre- 
vious 19F NMR results (IO), only the disor- 
dered fluoride ions are mobile, and there is 
no significant exchange with rigid fluorides. 
This is a major difference with MF2 fluo- 
rides, in which the lattice fluorides undergo 
an appreciable shift to disordered positions 
at the superionic transition. This may ex- 
plain the much higher conductivity of 
PbSnF4 and BaSnF4, which do not seem to 
exhibit such a transition. 

Mossbauer spectroscopy provided the 
hybridization of tin(H) and the strong dis- 
tortion of the tin site. In agreement with 
transport number measurements, it shows 
that the high electrical conductivity is not 
associated with mobile tin lone pair elec- 
trons. Indeed, the Mossbauer results show 
unambiguously that the tin nonbonding pair 
is stereoactive and highly localized in the 
immediate vicinity of tin. 
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