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We report molecular dynamics and EXFAFS studies of Cdo,4Pbo.6Fz mixed system. A striking 
feature of molecular dynamics studies in C&.4Pb0.6F2 is the mobility of F- ions below. T, 
calculations of defect activation energies and plots of single ion trajectories in this compound 
show that fluorine ions migrate predominantly by a near interstitialcy mode of migration. The 
results obtained from EXAFS studies on local environments around Cd and Pb cations in this 
system are consistent with the findin s from computer simulations on radial distribution 
functions. The local environment of Pb + ions is more disordered than that of CdZ+ ions. 5 

Keywords: Molecular dynamics; EXAFS; Cdo.4Pb0.6F2; mean square displacement; radial distri- 
bution functions 

1. INTRODUCTION 

Mixed crystals, Cdl -xPbxF2, form a continuous series of substitutional solid 
solutions with the fluorite structure [lo- 141. The anomalies in ionic conduc- 
tivities and elastic constants of fast-ion conductors (both pure crystalline 
and those containing defects) are associated with the development of 
extensive disorder on the anion sublattice. 

Divalent doping of fluorites, modifies their transport properties quite signi- 
ficantly. Recent high temperature studies of Cdl _xPbxF2 using techniques 
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2 T. T. NETSHISAULU et al. 

such as Raman scattering [lo-141 have provided strong evidence for en- 
hanced fluorine anion (F-) diffusion, particularly below the transition tem- 
perature (T,) to the fast-ion phase. 

Previous EXAFS studies on mixed-metal fluorides with very high F- ion 
conductivities, such as RbBiF4 and PbSnF4, successfully revealed the local 
structural environments of their respective cations [5,7,8]. The main fea- 
tures of note were the contrasts between the temperature dependence of the 
cation - anion amplitudes and frequencies. Furthermore, F- vacancies 
were preferentially located on anion sites neighbouring cations having larger 
ionic radii and lower charges. This intriguing behaviour was attributed to 
the fact that it is easier to remove ions from sites close to singly charged ions 
(e.g., Rb in RbBiF4) than from sites adjacent to the more highly charged Bi 
ions. However, in Cdo.4Pb0.6F2, both cations have the same charge (+ 2) as 
in PbSnF4 [7], so that no electrostatic advantage exists for the creation of 
F- vacancies in anion sites adjacent to the cations. 

A detailed understanding of structural properties, elastic constants, defect 
energetics and transport mechanisms occurring in CdF2 - PbF2 compounds 
remain elusive. For these reasons it is necessary to carry out a predictive 
theoretical and EXAFS experimental studies (which have been applied with 
considerable success in studying analogous features in more complex 
materials) on Cdl-,Pb,F2 systems. 

In the present study, computer modelling and EXAFS techniques are used 
to elucidate the temperature dependence of the local structural features, 
surrounding both the host Cd2+ and dopant Pb2+ cations, within CdF2- 
PbF2 systems. In this study, structural properties, particularly the local envi- 
ronment of the cations and conduction mechanisms in Cd0.4Pb0.6F2 are 
investigated in an effort to better understand the physics and chemistry of 
this intriguing fast-ion conductor. Cd0.4Pb0.6F2 compound has been particu- 
larly chosen since it exhibits the lowest T, across the Cdl-,Pb,F2 composi- 
tion range [14]. 

2. COMPUTATIONAL PROCEDURE 

The lattice potentials of Cd0.4Pb0.6F2 were taken from those of the appro- 
priate binary fluorides. Hence, empirically derived interionic potentials of 
CdF2 were employed, and the shell model parameters used for PbF2 were 
those of Jacobs et al. [9]. The details of the parameters so determined for 
Cdo.4Pbo.6F2 are given in Table I. 

Appropriate physical properties of Cd0.4Pb0.6F2 such as dielectric and 
elastic constants were calculated by means of the THBREL code as outlined 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
4
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



Cdl-,Pb,F2 MIXED SYSTEMS 3 

TABLE I Potential parameters of C&.4Pbo.6F2 

Shell model parameters 

Ion N e l )  K(e V k 2 )  
Cd2 + -4.315 741.4 
Pb2' - 4.39 192.935 
F- - 1.96 101.2 

~~~~ ~ ~~~ 

Short-range parameters 

Ion A ,  el c, 
Interaction ( e n  ( A  1 ( eVk6)  
Cd2+ - Cd2+ 0.00 0.00 0.00 
Cd2+ - F- 2485.9 0.2672 0.00 
Pb2+ - Pb2+ 0.00 0.00 0.00 
Pb2+ - F- 381.9 0.41 15 0.00 
Cd2' - Pb2+ 0.00 0.00 0.00 
F - F  1127.72 0.2753 0.00 

in Netshisaulu et al. [16]. The temperature variation of the lattice parameter 
as determined by Kosacki et al. [14] is presented in Figure 1 .  

In order to obtain accurate values of defect energies, the ions surround- 
ing the defect were relaxed using sell model potentials. As outlined in 
Netshisaulu et al. (1993), a normal fluorite structure was used as a starting 
point. Secondly, ions were introduced into/removed from the lattice from/to 
infinity. Calculations on defect energies were conducted on several con- 
figurations (not shown here). The present calculations are based on the con- 
figurations which yield minimum energy of point defects (Figs. 2a-d) and a 
reliable value of the anion Frenkel formation energy of Cd0.4Pb0.6F2. As 
shown in Figure 2a, for the determination of the anion vacancy formation 
energy, the anion vacancy was surrounded by four cation nearest neigh- 
bours (two Cd2+ forming a top layer and two Pb2+ cations forming the 
bottom layer) at tetrahedral positions. 

Calculations of migration energy assume that it is sufficient to locate the 
lowest saddle point on the migration path. These calculations were per- 
formed in stages. In the present investigation, the saddle point for vacancy 
migration was located with the moving ion placed mid-way between two 
anion lattice sites (see Fig. 2c). The appropriate activation energy was deter- 
mined from the difference between the energetics of defect formation and 
migration. 

A similar approach was followed for the determination of both interstitial 
formation and migration energies (Figs. 2b and 2d). A configuration for 
the displacive interstitialcy migration mechanism was employed for the 
present calculations on anion interstitial migration energies. Furthermore, 
Figure 2d depicts that ionic migration processes shown are determined by 
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4 T. T. NETSHISAULU et al. 
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FIGURE 1 
(After Kosacki et al., 1989). 

The temperature dependence of lattice parameter for Cdo-&'b0--6F* crystals. 

the movement of those fluorine ions whose nearest-neighbourhood contains 
the Pb ions. 

The Fungus code was used for MD calculations which yields valuable 
information on the defect structure and transport properties of ionic crystals 
[4]. As in previous MD simulations of similar fast-ion conductors [6], em- 
pirically derived rigid-ion potentials were employed, with coordinates and 
velocities updated using suitable algorithm (e.g., Beeman's algorithm). A 
time-step of 5 fs was used. In the fluorite structure of Cdl-,Pb,F2, the two 
cation species, i.e., Cd and Pb, form a face-centred cubic lattice. First Cd 
ions were placed on all alternate cube center sites, forming CdF2. Next a suit- 
able number of Cd ions were replaced at random by Pb ions forming 

Since we wish to compare our results with those of experiments at certain 
temperatures, it is instructive to conduct several dynamical simulation runs 

Cd0.4Pb0.6F2. 
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Cdl-,Pb,FZ MIXED SYSTEMS 5 

0 Cd" 

0 PbX 

0 Fvacancy 

FIGURE 2a Vacancy formation. 

0 Cd' 

0 Pb' 

0 F interstitial 

FIGURE 2b Interstitial formation. 
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6 T. T. NETSHISAULU et al. 

0 Cd” 

0 PbX 

0 migration anion 

0 Fvacancy 

FIGURE 2c Vacancy migration. 

0 Cd“ 

0 Pb” 

0 F interstitial 

FIGURE 2d Interstitial migration energy. 
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Cd,-,Pb,F2 MIXED SYSTEMS I 

at temperatures corresponding to those used in EXAFS measurements. 
Time dependent structural properties were extracted from MD studies via 
the radial distribution functions (RDFs), and were compared with EXAFS 
results. 

3. EXPERIMENTAL DETAIES 

3.1. Sample Preparations 

The 2:3 mixtures of CdFz and P-PbF2 powders of high purity (> 99.99%) 
were intimately mixed and melted in quartz tubes at temperatures above 
1100 K until a uniformly clear melt was obtained under high vacuum 

torr). The preparations were carried out in the Chemical Laboratory of 
the University of Kent, in Canterbury, UK. Crystalline PbF2 was prepared 
as a reference specimen in EXAFS analysis for the Pb edge in Cd0.4Pb0.6F2, 
whilst powdered CdF2 was used for the Cd edge. X-ray diffraction patterns 
were collected to check that single cubic fluorite phase crystals had been 
prepared. The prepared specimens were finely ground (< 20pm) with a 
mortar and presstle and well diluted with silica and boron nitride into thin 
coherent pellets (200 -400 pm) using a 13 mm die. Suitable thicknesses were 
obtained by trial and error. 

3.2. EXAFS Data Collection 

The EXAFS measurements of Pb(L1 1) (above 13.036 keV) and Cd (K) 
(above 26.716 keV) edges in Cd0.4Pb0.6F2 were carried out using the Science 
and Engineering Council (SERC) synchrotron radiation facilities at the 
Daresbury Laboratory in Great Britain. Data acquisition were carried out 
on EXAFS stations 7.1 [for the Pb(LIII) edge] and 9.2 [for the Cd(K) 
edge]. The samples were mounted in an evacuable crystal heating furnace with 
Beryllium windows. X-ray absorption spectra for the two edges were then 
measured at various temperatures in the transmission mode using a channel- 
cut silicon (1 1 1) crystal monochromator to study the Pb(L11 absorption 
edge and the silicon (220) one for the Cd(K) edge. Monochromators were used 
to minimise harmonic contamination of the beam. The incident (I,) and the 
transmitted (It)  intensities of the X-ray beam were measured by the (75% N2 
+ 25% Ar) and the 100% Kr ion chambers, respectively. All scans were 
typically 40min. duration. During the data collection, the SRS operated at an 
energy of about 2.0 GeV with a typical beam current of 150 mA. 
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8 T. T. NETSHISAULU et al. 

3.3. Data Analysis 

The EXAFS spectra were averaged and calibrated using the EXCALIB pro- 
gram and background subtraction was accomplished with EXBACK pro- 
gram. The subsequent data was analyzed using an iterative EXCURV92 
program which generates theoretical spectra. The program also enabled us 
to effect the Fourier transformation of spectra frequency to distance space. 
The phase shifts for a particular atom pair were obtained empirically, and 
refined using appropriate model compounds with known geometries (in this 
work CdF2 and PbF2 were used), taking the crystallographically determined 
distances as starting points. 

4. RESULTS 

4.1. Computational 

4.1 . I .  Molecular Statics Calculations 

Although rigid-ion potentials are good enough for computational studies, in 
calculations which are to be compared with experiments, it is most prefer- 
able to use good shell model interionic potentials. Consequently, Table I1 
summarises the crystal bulk data of Cd0.4Pb0.6F2 calculated on the basis of 
the shell model potentials (see Tab. I). Interionic potentials have been found 
to be adequate in molecular dynamics simulations provided that static dielec- 
tric constants are correctly predicted [2]. Hence, in the absence of firm data 
for comparison, the present investigation on elastic properties have been 
based on a known static dielectric constant of sz 15 deduced from conductiv- 
ity measurements conducted by Kosacki et al. [lo, 131 on the material. It 
is interesting to note that the calculated value of the dielectric constant com- 
pares remarkably well with the experimental value (see Tab. 11). 

There exists order - disorder phase transition in the lattice parameter for 
Cdo.4Pbo.6F2 [14]. This phase transition displays itself in the rapid increase of 
the lattice constant (Fig. 1). For temperatures above 620 K, the lattice con- 
stant of PbF2 increases rather rapidly. Analogous anomalies at temperatures 
lower than for PbF2, i.e., at T=485K, are observed for 
crystal. Examination of the lattice constant profile for CdF2 reflects a 
complete absence of any pronounced anomaly in the anion sublattice for 
T 800K. 

Table I11 presents various calculated defect energies of Cd0.~Pb~.6F2. Owing 
to the present lack of most experimental quantities for this material, the 
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Cdl-,Pb,Fz MIXED SYSTEMS 9 

TABLE I1 Properties of perfect lattice 

Property Calculated Calculated Calculated 
C4,d'bo.82 CdF2 PhF2 

Elastic constants (GPa) 
CI1 123.1 188.1 
c12 27.61 48.1 
C44 20.12 19.6 

Dielectric constants 

107.7 
42.6 
28.4 

€ 0  16.07 (15)* 9.96 17.6 
coo 1.615 2.23 1.87 

* Experimental value after Kosacki ef al. (1989) 

TABLE 111 Shell model defect formation and migration energies of Cd0.4Pb0.6F2 

Defect type Cdo.4pbo.8~ CdF2 PbF2 
Caic. Exp. 
(e V )  ( eV)  ( e V )  ( e V )  

Anion vacancy 
Anion interstitial 
Anion Frenkel pair 
Anion vacancy migration 
Anion interstitial migration 
Anion vacancy activation* 
Anion interstitial-activation 
Anion vacancy activation' 

2.741 

0.604 
2.643 

- 3.388 
-0.120 
- 1.423 

0.564 

-2.137 
4.467 3.312 

(0.6) 2.75 1.295 
4.764 

0.297 0.235 
0.745 0.476 

- 2.103 - 2.017 

- 1.358 

(0.533) 
~~ ~~~ ~~ ~ 

* Energy for the low temperature fluorine ion conduction. ' Energy for the high temperature fluorine ion conduction. 

computed values are compared with those calculated for the corresponding 
pure fluorides (i.e., CdF2 and PbF2). A direct comparison of our calculated 
anion Frenkel formation energy with the experimental value shows a 
satisfactory agreement. However, a comparison of the anion Frenkel energy 
obtained for Cd0.4Pb0.6F2 with those of the two binary fluorides, i.e., PbF2 
and CdF2, reveals a considerable difference. Furthermore, the calculated 
formation energies for isolated vacancies and interstitials which led to a 
significantly low Frenkel energy are lower than those of both CdF2 and 

Defect activation energies which offer useful insights into the nature of the 
disorder are also reported in Table 111. The computer simulated value 
for the activation energy (,Fact) determined for high temperature conduc- 
tion, which shows the fluorine ion contribution to the transport, is equal to 
0.564 eV. This value is in excellent accord with that obtained by Kosacki et al. 
[14] for Cd0.4Pb0.6F2 as indicated in Table 111. The fluorine ion activation 
energy which is connected with a motion of the fluorine vacancies introduced 
in the crystal is presently determined for the first time. The value of this 

PbF2. 
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10 T. T. NETSHISAULU et al. 

energy is very low (E - 0.1 eV) compared to that of CdF2 (II 0.3 eV), but higher 
than the anion interstitial activation energy (EaCt N - 1.4 eV). 

4.1.2. MD Calculations 

Figure 3a shows five typical mean-square displacement (MSD) graphs for 
C ~ O . ~ P ~ ~ . ~ F ~  at temperatures 100, 400, 500, 600 and 800K. It can be ob- 
served that, diffusion for fluorine species, increases with an increase in 
temperature. This is reflected with the diffusion constant vs. temperature 
profile presented in Figure 4. However, it is clear that the Cd and Pb ions do 
not diffuse at all investigated temperatures, i.e., they maintain the fluorite 
structure (see Fig. 3b). Figure 5 presents the variation of the MSD of the 
fluorine ion species with time in parent compounds, CdF2 and PbF2, and in 
Cdo.4Pbo.6FZ compound at 400 K. It is noted that F- motion occurs only in 
Cdo.4Pbo.sFt. 

0 4 8 12 16 20 24 28 

0 . 0 ' .  ' " " " " " " ' 
0 10 20 30 40 50 60 70 

Time (ps) 

FIGURE 3 
Pbo-sFz at various temperatures. 

Mean square displacements of (a) F- ions and (b) Cd2+ and PbZf ions in C4-4 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
4
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



Cdl-,PbxF2 MIXED SYSTEMS 11 

1.0 

n 

m N 

0 

F 
v 

*u5 

'0.0 
300 400 500 600 700 800 900 

Temperature (K) 
FIGURE 4 Anion diffusion coefficient calculated from the present simulations on Cdo-4 
Pbo-aFZ. 

Transport of F- ions occurs via diffusion between interstitial sites. A 
typical example is shown in Figure 6 ,  where a F- ion oscillates around an 
interstitial position then move and occupy a regular lattice site, before 
moving out again into an interstitial position. 

In order to obtain more definite information on local structures in 
Cd0.4Pb0.6F2, the radial distribution functions (RDFs) for all pairs of ions 
were calculated. Cd-F and Pb-F RDFs at 300 and 500K are shown in 
Figure 7. Features of interest, i.e., the Cd-F and Pb-F nearest neighbour 
(NN) distances or the positions of the first peaks of the RDFs were depicted 
from Figure 7 and reported in Tables VI, VII and VIII. 

4.2. Experimental 

The radial distribution functions were obtained by Fourier transforming the 
EXAFS function [ ~ ( k ) ]  data. The Fourier transforms [experimental (-) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
4
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



12 T. T. NETSHISAULU et al. 

1 ,o 

0.5 

0.0 
0 5 10 15 20 25 30 35 

Time (ps) 

FIGURE 5 Mean square displacements of F- ions in (a) CdF2 (b) PbF2 (c) Cd0-4Pb0-6F2 at 
400 K. 

FIGURE 6 Ion migration mechanism for the F- ion in Cd,-4P~-6F2 at 800K. 
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Cdl_,Pb,FZ MIXED SYSTEMS 13 

a i  

FIGURE 7 Pb-F [(a) and (b)] and Cd-F [(c) and (d)] radial distribution functions for the 
C&-4Pb0-6F2 at 300 and 500 K, respectively. 

TABLE IV A comparison of the values for the EXAFS and simulated radial distances (RD), 
Debye-Waller factors and coordination numbers (N) for the Cd edge in CdF2 as a function of 
temperature 

T(K) Atom Coordination Simulated EXACS Debye- Waller 
type number N RD ( A )  RD ( A )  factor (A2) 

300 

500 

F 8 2.269 2.275 0.015 
Cd 12 3.808 3.814 0.014 
F 8 2.308 2.297 0.032 
Cd 12 3.798 3.861 0.034 

TABLE V A comparison of the values for the EXAFS and simulated radial distances (RD), 
Debye-Waller factors and coordination numbers (N) for the Pd edge in PbF2 as a function of 
temperature 

Atom Coordination Simulaied EXA<S Debye- Wqller 
type number N RD ( A )  RD ( A )  factor (A2)  

T(K) 

300 

450 

500 

F 8 2.458 2.491 0.045 
Pb 12 4.192 4.217 0.027 
F 8 2.408 2.448 0.059 
Pb 12 4.192 4.21 1 0.043 
F 8 2.388 2.427 0.064 
Pb 12 4.212 4.203 0.044 

and theoretical EXAFS (- - - -)] of the Cd(K) and Pb(LII1) edges are 
reported in Figure 8 for the CdF2 and for the PbF2 reference compounds, 
respectively. RDFs around Cd2' and Pb2+ cations were obtained via a 
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14 T. T. NETSHISAULU et al. 

TABLE VI Comparison of the values for the EXAFS and simulated radial distances (RD), 
Debye-Waller factors and coordination numbers (N) for the Cd edge in Cd0.4Pb0.6F2 as a 
function of temperature 

A tom Coordination Simulated EXAFS Debye- Wcller 
type number N RD ( A )  RD ( A )  factor (A’) 

T(K) 

300 

450 

500 

F 8 2.192 2.227 0.024 
Cd 12 3.135 3.887 0.050 
F 8 2.192 2.220 0.031 
Cd 12 3.735 3.899 0.063 
F 8 2.190 2.219 0.033 
Cd 12 3.769 3.924 0.063 

TABLE VII Comparison of the values for the EXAFS and simulated radial distances (RD), 
Debye-Waller factors and coordination numbers (N) for the Pb edge in Cdo.Qbo.6F2 as a 
function of temperature 

T(K) Atom Coordination Simulated EXACS Debye- Waller 
type number N RD ( A )  RD ( A )  factor (A’) 

300 F 8 2.539 2.471 0.053 
Pb 12 4.177 4.192 0.050 

450 F 8 2.500 2.453 0.065 
Pb 12 4.173 4.166 0.050 

500 F 8 2.500 2.437 0.077 
Pb 12 4.173 4.131 0.057 

TABLE VIII Computer simulations nearest neighbour distance for Cd04Pb0.6F2 as a function 
of temperature 

T(K 1 Cd- Pb F -  F 
300 
450 
500 

4.039 
4.039 
4.039 

3.210 
3.192 
3.230 

Fourier transform of the k3-weighted EXAFS function [~ (k ) ]  for the two 
edges as explained in the Introduction. Both profiles clearly reveal the 
presence of two peaks corresponding to cation- anion (first shell) and 
cation -cation (second shell) radial distances. The first peaks in the Fourier 
transforms of the Cd(K) and the Pb(LlI1) edges in CdFz and PbFz result 
from the backscattering corresponding to the first shell cation-anion in- 
teractions (i.e., Cd- F and Pb- F interatomic distances) while the second 
peaks correspond to the backscattering from the second shell cation - cation 
interactions (i.e., Cd-Cd and Pb-Pb, respectively). The best fit values for 
radial distances, Debye-Waller factors and number of nearest-neighbours 
obtained from the EXAFS data are presented in Table IV for the Cd edge 
and in Table V for the Pb edge. 
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16 T. T. NETSHISAULU et al. 

Figure 9 shows Fourier transform plots for the experimental and 
theoretical absorption spectra for the Pb and Cd edges in Cd0.J'b0.6F2 at 
temperatures 300 and 500 K, respectively. Although both RDFs consist of 
only one well-defined peak, their spectra are different, suggesting different 
local geometries for the two cations in Cd0.4Pb0.6F2. In Tables VI and VII, 
we compare our EXAFS and simulation bond lengths. In each case, the 
dopant is surrounded by 8 fluorides as in the case of the host (Cd) ions, i.e., 
in this study, coordination numbers were kept fixed to their preset values. 

5. DISCUSSIONS 

Our computer simulation studies have been used to predict bulk crystal data 
of Cd0.4Pb0.6F2, which are currently scarce. An accurate reproduction of the 
experimental dielectric constant [ 141 depicts the reliability of calculations. 
A higher value of this quantity compared to that of CdF2, indicates that 
doping promotes dipole polarization of thermally generated lattice defects in 
these crystals. Such high values are not observed in typical crystals and are 
specific for liquid electrolytes or fast-ion conductors (Kosacki, 1988). 

The lowest-energy configuration were employed in defect energy cal- 
culations of Cd0.4Pbo.~F~. A low value of the anion Frenkel pair formation 
energy (see Tab. 111) in this compound could be attributed to its complex 
structure caused by the presence of the Pb ions in Cd0.4Pb0.6F2 [l 1 - 141. 
Such cations lead to an increase in the F- ion disorder which is manifested 
in (a) a drop in the temperature to the fast-ion phase (T,) (by about 220 K) 
(b) a significant reduction in the activation energy of conductivity and 
(c) an exceptionally high room-temperature fluorine ion conductivity of 

Examination of the very low anion interstitial activation energy of ionic 
conduction presented in Table I11 suggests that near interstitialcy mecha- 
nism is a more prevalent mode of transport in Cd0.4Pb~.~F2. Such an 
interstitialcy migration mechanism is also depicted from single ion 
trajectories obtained from our molecular dynamics calculations. This con- 
clusion is further supported by Ngoepe and Catlow [ 181, where they propose 
that interstitialcy mechanism, rather than vacancy, is predominant in 
fluorites in the presence of aliovalent dopants. However, this is in contrast 
with the vacancy migration mechanisms reported for several pure fluorites 
[e.g., CdF2 and PbF2 [17], CaF2 [l ,  181, SrCl2 [ l ]  and in (Zr02)l-x(Y203)x]. 

Molecular dynamics investigations on CdoaPbo.6F2 reveal that F- ion 
diffusion occurs at significantly low temperatures ( < T, N 485 K) and persists 

CdO .4PbO .6F2 * 
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even below room temperature, a phenomenon that is not observed in both 
pure CdF2 and PdF2. The significant reduction in T, could be ascribed to 
the very low formation energy of anion Frenkel pairs. These features are 
consistent with the previous Raman scattering studies conducted on these 
materials [ 141 and molecular dynamics investigations on rare-earth doped 
fluorites [ 181. 

An analysis of M D  results of Cd0.4Pb0.6F2 further reveals that no increase 
in MSD with time of the cations, Cd2+ and Pb2+, is observed. Hence, the 
crystal has not melted in the temperature range of concern since all sub- 
lattices do not show an increase in MSD with time. However, the two cations 
vibrate with very large amplitudes compared with those of pure systems, 
CdF2 and PbF2. 

EXAFS plots show that the amplitude of the second peak in the Cd(K) 
edge Fourier transform of CdF2 progressively diminishes (compared with 
that of the first peak) with an increase in temperature. However, for the 
Pb(LI 1) edge of PbF2, the second peak diminishes and splits into two. There 
is presently no obvious explanation for the splitting phenomenon, however 
it could be related to the more disorder around Pb edges. In addition, the 
peaks of the Pb2+ cations are short in height. Examination of the results 
given in Tables IV and V shows that the Cd - F radial distances accord well 
with a value of 2.33A obtained for Ca-F in nominally pure CaF2. 
Furthermore, the Pb-F bond lengths are longer than those of the Cd-F 
bond lengths. It must be pointed out that these experimental EXAFS 
features for the two cations are qualitatively reproduced by our simulation 
results. 

In the case of Cdo.4Pbo.6F2, RDFs derived from computer simulations and 
EXAFS measurements have a common feature, i.e., they contain only one 
well-defined peak and their qualitative form is the same. A further feature is 
that no significant structure is observed in the Fourier transform (Fig. 9) at 
distances more remote than the first neighbours. This clearly contrasts with 
the parent materials CdF2 and PbF2 which show contributions to the 
EXAFS from the second neighbours. A possible explanation for the absence 
of peaks due to cation - cation shells in the doped sample could be the high 
degree of disorder in the mixed crystal than in the parent materials, CdF2 
and PbF2. 

It can be seen by inspection from Figure 7 (MD results on Cdo 4Pbo 6F2) 
that the peaks in the Pb-F profiles are broader compared with those from 
Cd - F radial distances. The results further indicate a significant reduction in 
the Pb-F amplitudes with temperature increase while those of the Cd-F 
peaks do not change within the accuracy of the analysis. There is good 
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agreement with EXAFS results (see Figs. 7 and 9) and minor discrepancies 
are probable within the errors of the experimental results and the uncer- 
tainties in the calculations attributable to the quality of the interionic poten- 
tials. The significant broadening of the Pb-F peak with an increase in 
temperature is attributed to extra F- vacancies which are present in inter- 
stitial sites. These features suggest that the local structural environment of 
Pb2+ ions is more disordered than that of the Cd2+ ions. A similar behav- 
iour was noted by Cox et al. [7] on PbSnF4. Consequently, more F- ion 
vacancies are located around the Pb2+ cations in the fluorite structure of 
Cd0.~Pb0.6F~ than near Cd2+ ions. 

Values of RDFs obtained from the MD and EXAFS results (Tabs. VI 
and VII) are comparable. It is also apparent that the Debye-Waller factors 
obtained in all our analyses are high for the Pb edge, reflecting the extensive 
disorder around the Pb cations in Cd0.4Pb0.6F2. The findings further show 
that Cd-F distances in Cd0.4Pb0.6F2 are shorter than those for Pb-F in all 
cases (see Tabs. VI and VII), which correlates with recent findings by 
Shimojo et al. [19] and Wang et al. [21] on (Zr02)1-x(Y203)x, where the 
host-anion bond lengths are always short. Furthermore, previous observa- 
tions by Cox et al. [7] on compounds such as RbBiF4 (where Rb-F bond 
length > Bi - F bond length and rRb’ + = 1.47 A, rBi3+ = 0.96 A) suggested 
that cations with larger ionic radius such as Pb2+(rPb2+ = 1.20& rCd2+ = 

0.97A) promote vacancy stabilisation in the nearest neighbour shell of the 
dopant ions. Qualitatively a similar behaviour was observed for the Pb edge 
in PbSnF4, [3,7,8], where Pb-F distance > Sn-F distance. This is also in 
line with recent findings which strongly correlates the ionic radii with bond 
lengths in ionic crystals [20]. Hence, in Cd0.4Pb0.6F2 vacancy stabilisation 
could be expected to occur in the nearest neighbour shell of Pb ions. 

The distances (obtained from MD calculations) between the Cd - Cd pairs 
are shorter than those between the Cd - Pb or Pb - Pb (see Tab. VIII), which 
means that the tetrahedra formed by four neighbouring cations in the fcc 
lattice are deformed locally. The shorter Cd-Cd distances are ascribed to 
the strong Coulomb attraction between Cd ions in corners of a tetrahedron 
and F- ion inside the tetrahedron. The MD results further indicate that the 
Pb-F bond distances reduce with an increase in temperature, while there is 
hardly any change in Cd - Cd, Pb - Cd, and Pb - Pb distances. 

EXAFS studies of RbBiF4 and PbSnF4 [3, 71 suggested that the dopants 
(Rb and Pb) in these two mixed-metal fluorides play important roles in 
producing high conductivities that one observed experimentally [ 141 (1989). 
Moreover, the dopant cations are envisaged as playing the role of 
‘interstitial generators’, donating F- ions to interstitial sites. Other cations 
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(Bi and Sn in RbBiF4 and PbSnF4) play a crucial role in elevating the 
conductivity by maintaining a temperature-independent local environment, 
and thus helping to preserve the open-nature of the fluorite structure, 
retaining the pathway for migration via interstitial sites. The same apply to 
the roles of Cd and Pb ions in Cd0.4Pb0.6F2. 

In conclusion, our results suggest that doping Cd,-,Pb,Fz at 60% PbF2 
increases the disorder around Pb. Furthermore, Kosacki et al. [13] also 
observed that the ionic transport processes in the investigated solid solution 
(Cd -xPbxF2) are determined by the movement of those fluorine ions whose 
nearest neighbourhood contains the Pb ions, an idea well supported by our 
simulations and EXAFS results in the current study. Hence, the overall 
agreement in our EXAFS and simulation bond lengths is heartening and 
provides support that the compound Cd0.4Pb0.6F2 can serve as a better 
electrolyte in future microbatteries due to its high ionic conductivity at 
relatively low temperatures. 
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