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Using the X-ray single crystal diffraction technique, the crystal structure of the Pbg 67Cdg 33F-
single crystal was studied. This fluorite-structured crystal (space group Fm3m, a = 0.57575(4)
nm) has the highest ionic conductivity of the Pb,,CdiF, solid solutions. The statistical
displacement of cations achieves 0.05 nm, and the deficiency of fluoride ions in lattice
positions is egual to 25+2 %. From the measured temperature dependence of the ionic
conductivity, oT = (1.2+0.3) x 10’ exp(-0.359+0.007/kT), we have calculated the temperature
dependence of the hopping frequency of fluoride ions. Upon doping with 1m/o LiF and with 1
or 3 mo NaF, the ionic conductivity decresses. For doped crystals, the eguation
oT = (1.440.2)[10’ exp(-0.389+0.005/kT) is valid.
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1. Introduction

In the PbF,-CdF, system, the highest ionic conductivity (o = 810° S cm* at 300 K) and the
lowest conduction activation energy (E = 0.38 eV) were found at [(B5 mole % CdF, [1]. This
conductivity, measured on pressed pdlds, is close to those of the best fluoride ion conductors [2,3].
The compasition of the solid solution corresponds approximately to the minimum of the melting
curves of the PbF,-CdF, system [4,5].

To explain the high ionic conductivity, which corresponds to the minimum of the melting
curves of the PbF,-CdF, system, we needed data about its crystal structure of this solid solution.
Precise data about the crystal structure of fluoride-ion conductors are usually obtained by neutron
diffraction technigues. However, such studies are impossible for Pb;.,CdF, solid sol utions because of
the high value of neutron capture cross-section of Cd nucle.

Theaim of thiswork was
- to refine the PbF,-CdF, phase diagram and the position of the minimum of the melting curves;

- to determine the precise crystal structure for the single crystal corresponding to the minimum of
the meting curves,

- to measure the ioni ¢ conductivity of this crystal;

- to determine the i nfluence of a doping with monovalent cations on theionic conductivity.

2. Experimental

Cadmium and lead fluorides of 99.9 % purity were used as starting reagents. They were
remeted under fluorinating atmosphere of Teflon pyrolysis products. Cadmium fluoride was
additionally refined by a directiona crystallization.
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The phase diagram was studied using the differentia thermal andysis (DTA) and X-ray
powder diffraction analysis (XRPDA). The DTA was performed under He, in graphite crucibles. The
mass of the sample was 1 g, the cooling and heating rates were equal to 10-30 K/min. The
temperatures of liquidus and solidus curves were determined from the onset of corresponding peaks
on cooling and heating curves, respectively. The melting temperatures are 8255 °C or 1075+5 °C for
PbF, and CdF, crystals, respectively. These temperatures agree wel with literature data (820 °C for
PbF, [4,6], and 1075 °C for CdF, [4]). We have studied the effect of the cooling rate on the
solidification temperature of both components. For a cooling rate lower than 100 K/min, a
supercooling of the melt did not occur.

To check the possible ordering or decomposition of the PbF, - CdF; solid solutions, we have
performed a low-temperature solid-state annealing of samples. Carefully ground mixtures of the
components were packed into Cu capillaries and put into a Cu bomb (with Teflon and BaF,[HF as
fluorinating agents). Then, the bomb was welded. The time and temperatures of anneding were as
follows: 400 h, and 600 °C, 650 °C or 680 °C. After annealing, the bomb was quenched into water.

The XRPDA was performed using diffractometers AVF-202E, Taoshiba (Japan) or HZG-4
(Germany), with CuK, radiation. Silicon was used as an interna standard, when determining the
| attice parameter.

The single crystals of Cdos3Pbos7F2 and PbF, were grown by the Bridgman technique, in an
evacuated chamber, under a fluorinating atmosphere of Teflon-pyrolysis products, using graphite
crucibles. The rate of lowering of the crucible was equal to 3.5 mnvh. The cooling rate to room
temperature was equal to 100 °C/h. We have prepared both “pure” CdyzsPby e crystals and the
crystals doped with monovalent cations (1 m/o LiF or NaF and 3 m/o NaF).

The XRPDA data were obtained from a spherica sample, 0.185(5) mm in diameter, using a
CAD-4 Enraf Nonius diffractometer (with AgK,, radiation) and a secondary graphite monochromator.

The ionic conductivity was measured using a Sl 1260 Impedance/gan analyzer,
Schlumberger-Solartron, at frequencies from 1 Hz to 10 MHz, over the temperature range from 20 °C
to 440 °C. Silver dectrodes (Letsilber) were painted on paralld surfaces of samples. Before
measurements, the samples with applied contacts were anned ed at 400 °C for 1 h, under dry Ar. The
measurements were performed under dry Ar, both with a hegting rate of 2 K/min and under isothermal
conditions, after 1 hour’s annealing at the given temperature. The bulk conductivity (o4) was
calculated using the impedance analysis. The static relative permittivity (€5) was determined using the
modular analysis.

We suppose that silver electrodes do not interact with samples because 1) the X-ray anaysis
of the samples after eectrical measurements shows only lines of a metallic silver, 2) the time of
annealing does not influence the result of a subsequent eectrical measurement, and 3) repeated
dectrical measurements (up to 440 °C) give the sameresults.

3. Results

Fig. 1 shows a refined phase diagram of the PbF,-CdF, system. The existence of a continuous
range of solid solutions between PbF, and CdF, was confirmed over the temperature range from
500 °C to 690 °C. The XRPDA patterns of anneded and quenched samples show that the lattice
parameter of the solid solutions decreases linearly with an increasing molar fraction of the CdF,
component (from the vaue of 5.940 A for the PbF, component to that of 5.388 A for the CdF,
component). No additiond superstructure reflections and no split of parent structure refl ections (they
indicate an ordering of the solid solution) have been observed. Within the studied temperature range,
no decomposition of the solid sol utions was observed.

Our data reved that the coordinates of the minimum, where the solidus and liquidus lines
coincide and have a common horizontal tangent, are equa to 33+1 mole % of CdF, and
750£5 °C. This result is close to those obtained in [4] and is in agreement with data which were
obtained using directional crystallization [5]. The composition of the minimum point, Pbys;Cdy ssF2, iS
the same as the stoi chiometric composition Pb,MF.
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The liquidus and solidus curves in the vicinity (0.08 < x < 0.6) of the minimum can be
described, with the accuracy of £7°C, by equations

TL-To=810 (X - X )? (6h)
Ts-To =487 (X - X ) 2

where T, and Ts are the liquidus and solidus temperatures, respectively, and x is the molar
fraction of CdF,, T, =750 °C, X, = 0.33.

A congruent melting behavior of the Phbye,Cdys3F> solid solution made it possible to grow
single crystals without a cdl substructure, with a homogeneous distribution of components [7].
Mechanical and optica properties of prepared Phy,Cdy s3> crystals are described in [7].
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Fig. 1. Phase diagram of the PbF~CdF; system (DTA data).

In the X-ray single crystd diffraction data, 480 independent reflections were detected. After
rgection of some weak reflections by profile considerations and averaging of symmetricdly
equivaent reflections (R factor is equal to Ri= 3.3 %), 64 independent reflections were obtained
within the range of siné/A, from 0 to 10.4 nm™. The space group of the crystal symmetry is Fm3m, the
unit-cell parameter, a, is equal to 0.57676(4) nm. Intensities of the reflections were corrected for the
Lorentz factor, polarization, and absorption. The refinement of the crysta structure was performed
until R = 1.2 %, R, = 1.08 %, and S = 1.69. The dectron synthesis pattern is presented in Fig. 2. In
the subtracted modd used, we have taken into account that the 4a cationic positions are statisticaly
occupied by Cd and Pb atoms and that the 8c fluorine positions are occupied by 75 % (g-=0.75(2)).
Close to the 4b positions with coordinates (1/2, 1/2, 1/2), there are severa peaks of the dectron
density that can be attributed to additional (interstitial) positions of the fluorineions. Thetota number
of fluorine ions in these positions must be equal to the number of these ions lacking in the basic
position. "Bridges" of a continuous € ectron density connect possible positions of theseions.

In Fig. 2, additional peaks of eectron density can be observed near the origin of the
coordinates. They may correspond to a splitting of the 4a cationic positions. The peaks correspond to
displacements of cations aong the threefold and fourfold axes. Under the assumption that Cd cations
are placed evenly in these displaced positions, cal culations resulted in an essentia refinement of the
eectron synthesis pattern.



630 V. Trnovcovg, P. P. Fedorov, M. Ozvoldov4, I. I. Buchinskaya, E. A. Zhurova

In Fig. 3, the temperature dependence of the bulk ionic conductivity of the Phgs;Cdo s>
single crystal is presented and compared with that of the “pure’” PbF, single crystd. It can be
described by the equation

oT = (1.2+0.3)[10" exp(-0.359+0.007/KT), (SK m?) ©)

The ionic conductivity at room temperature (Gzp = 3.510° S mY), is close to that of the best
fluorideion conductors [5,8].

Upon doping with NaF or LiF, the value of the ionic conductivity dightly decreases (Fig. 3).
The temperature dependence of the ionic conductivity of al doped crystds can be described by the
equation

oT = (1.4+0.3)[10" exp(-0.389+0.005/KT), (SK m?) (4).

A decrease of the conductivity upon doping with monoval ent cations results from an increase of

the conduction activation enthalpy. The pre-exponential factor is not influenced by doping. Such a
behavior is typical for disordered and glassy systems.

Cd(Pb) a2 12 1/2)

Cd(Pb) ‘\ a) o b)

Fig. 2. Electron density difference map through the (101) plane (a), and the section position in
the fluorite structure (b). The distance between isolines is equal to 107 enm®. Dashed lines
correspond to negative contours, solid lines correspond to positive contours.
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Fig. 3. Temperature dependence of the bulk ionic conductivity of fluorite-structured PbF; (+),

Pl 67Cdo.xsF2 (*), Pgs7Cdo.asF2:1 Vo LiF (A), Phge,Cdg sF2:1 mVo NaF (o), and Ploge,Cdo z3F2
(o) singlecrystals.
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In the entire temperature range, the admittance diagrams of both “pure” and doped
Pho s7Cdo 33F> single crystal are shifted from the origin (Fig. 4). The vdue of this shift, Ao, is rather
independent of the temperature but it depends on the type and concentration of monovalent dopants.
For “pure’ crystals, Ao = 0.34(1) S m™. For crystals doped with 1 /o LiF, Ac = 0.8(1) S m™. For
crystals doped with 1 m/o NaF or 3 m/o NaF, the value of Ao is equal t0 0.8(1) Smi* and 0.5(1) S m™,
respectively. This shift is connected with a frequency independent component of the conductivity. It
was not observed in “pure’ and doped PbF, crystals [9] but it was observed in the Pby s,Cdy ssF>-NaF
composites [10]. The cause of this shift is not yet clear but it coincides with a presence of Cd-
component in various materials [11].

The value of the static rdative permittivity in both “pure” and doped Phbys;CdyssF, single
crystalsis egua to 23(1).

4. Discussion
4.1. Splitting of cationic positions

The observation of additiona cationic positions indicates some shift of cations from the 4a
positions aong both the threefold and fourfold axes. This result correlates with data of EXAFS
studies about a disorder in the Pb,«CdF, solid solutions [12,13]. For the Py sCdy 4F, compasition, a
comparative analysis of the Fourier transformation of experimental data demonstrates that the Pb-F
bond length is longer than the Cd-F one (2.471A and 2.287 A at 300 K, respectivey) [12]. This fact
can be easily explained when we take into account the significantly different sizes of the two
isomorphous cations. The cation-anion, M*-F, distances in PbF, and CdF, (calculated as av3/4,
where a is the cell parameter) are equal to 2.572 A and 2.333 A, respectively. This is the largest
difference (10 %) of ionic radii that till tolerates a formation of continuous series of fluorite-type
solid solutions in the MF,-M’F, systems. Therefore, the BaF,-CdF, system exemplifies a formation of
the ordered stoi chiometric compound [4]. In the BaF,-CaF, system, atotal decomposition of the solid
soluti ons takes place when the temperature islowered [14]. Only limited solid solutions are formed in
the peritectic-type PbF,-CaF, phase diagram [15]. In the Pbgs;Cdb.ssF2 solid sol ution, the average M?*-
F distanceis equal t0 2.495 A.

The shift of Cd** cations from their ideal positions can lead to a shortening of some Co?*-F
distances to a reasonable value. It results in a distortion of the coordination polyhedra. The
displacements are of a statistical nature, because the crystal macrosymmetry remains cubic. They can
result in the formation of clustersin the crystd. This problem should be finaly solved by the HEED
experiments.

One of the possible cluster types corresponding to the shift dong the fourfold axis may be
postulated using the analogy with other PbF, - MF, and BaF, - MF, systems (M = Mg, Zn, Fe, Co, Ni,
Mn) [6,16,17]. Compounds with the same stoichiometry (Pb,MFs and BaaMF¢) and with tetragonal
fluorite-rdated superstructures are formed in these systems. In the Pbygs,CdgssF> solid solution, the
peculiarities of its NMR spectra are explained [18] by the existence of tetragond ordered domainsin
the cubic matrix.

Our results are in agreement with the data obtai ned from the photoemission study of Pb, ,Cd,F,
solid solutions [19]. According to this work, various Cd-F and Pb-F distances are distributed in a
disordered local structure of the solid solution.

4.2. Deficiency of fluorideionsin thelattice position

According to our X-ray diffraction data, the deficient anions are not only shifted from their
positions, but they are aso spread over the lattice. Loca shifts of cations from lattice positions
increase the volume available for fluorine ions, thus promoting a fast ionic transport in the nearest
neighborhood of the clusters. The deficiency of fluoride ions in lattice positions accounts for their
high mobility.
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Fig. 4. Admittance diagrams of the Pbge;Cdy23F>:1 m/o NaF single crystal a various
temperatures (000 408 °C, see 323 °C, AAA 223°C, A A A 100°C, oon 34°C).

A similar result was obtained for the high-temperature superionic modification of Li,SO, by
using neutron diffraction [20]. In the antifluorite-type structure, cations occupy the tetrahedral 8c
positions (1/4,1/4,1/4), but the experimenta population of these positions is only 90 %. 10 % of the
cations are spread in a spherical layer surrounding the sulfate group.

We note also a similarity of our results to those of the Pb,.,Sn.F, solid solutions (x = 0.1, 0.2)
[21]. The high fluoride-ion conductivity of these solutions also results from a large size difference of
two isomorphous cations. In these solid solutions, both an incompl ete occupation of the base position
of fluorideions as well as a shift of a part of cations a ong the threefold axis were observed.

The incompl ete occupation of lattice fluoride positions can be interpreted as a formation of
anti-Frenkd defects. This is the main type of point defects, which are responsible for the anion
transport in the fluorite-type structure [22,23]. However, in our samples, the concentration of point
defects is so high that it is comparable with their concentration in the superionic states of individua
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difluorides, above their diffuse phase transitions [24,25]. This extremely high concentration of anion
vacancies and interstitial fluoride ions accounts for the high anionic conductivity of the crystal.

It is interesting that doping with monovalent cations (Li*, Na") has only a small influence on the
ionic conductivity of the Pbgs;CdoasF crystal [9]. Doping with trivalent cations (Ce**) does not influence
the conductivity at al [5]. It seems that the Pbge7CdossF crystal is fully “saturated” with defects and
charge carriers, therefore the heterovaent doping (with 1 - 4 m/o MF or RF3) cannot substantially
influence their concentrations.

4.3 lonic conductivity

The relation between the ionic conductivity, o4, and structurd data is generally given by the
equation

Oae(T) = eM(T)0N(T), ©)

where eisthe charge, N isthe concentration, and [ is the mobility of charge carriers.

In our calculations, we suppose that al the fluoride ions, the position of which cannot be locaized
using X-ray diffraction, are mobile. As the occupation factor of the anionic lattice positions is equal to
0.75, we obtain two vacancies and two mobile interstitial fluoride ions per unit cell. Then we can
determine the concentration of charge carriers, N = 1.05 x 10?® m™ (as calculated from the measured unit-
cell parameter). Supposing that this concentration is temperature independent, we can, very roughly,
estimate the mohility and the jump frequency of mobile fluoride ions, using equation (5).

Due to alarge complexity of the system and no information on clustering of defects or migration
paths of mobile defects, we had to neglect several important factors (correlation effects, entropy factors,
defect-defect interaction, cluster formation etc). However also under these simplifying conditions, our
results arein rather good agreement with the data obtained by other techniques[24,25].

Substituting e = 1.6 x 10%° C, N = 1.05 x 10%® m™®, and the experimental value of the ionic
conductivity at 300 K, 04,(300) = 3.5 x 102 Sm*, into equation (5), we obtain the value of the mobility of
fluoride ions at 300 K (1(300)) equal to 2.1 x 10™ m*Vs.

Neglecting the entropy term, the hopping mode leads to the equation

W = Y@ [o/KT) @xp(-AH,/KT), (6)

where &, is the hopping distance, y is the geometrica factor, vq is the attempt-to-jump frequency, and AH,,
is the activation enthal py of the mation.

We could not discern definitely the vacancy and interstitid transport mechanisms because both
doping with trivalent cations and doping with monovaent cations did not significantly influence the ionic
conductivity. A slight decrease of the conductivity upon a monovalent doping indicates that an interstitial
mechanism of the fluoride ion motion is more probable. Therefore, we assume that the interstitialcy
mechanism of the fluoride ion transport is dominant. Then, in the fluorite structure we obtain
an = a V2/2 (ais the lattice parameter). As we have no information on the geometry of fluoride jumps we
take the value of the geometrical factor, y, equa to 1. Upon substituting these values and the value of
H(300) into equation (6), and taking the value of AH,, equa to the conduction activation enthalpy, we can
estimate the val ue of the fluoride ion jump frequency at room temperature, vi(300) = 3.4x10° s, From the
temperature dependence of the ionic conductivity (eguation (3)), using equations (5) and (6), the
temperature dependence of the jump frequency of fluoride intertitias, v; , is given by the equation

Vi = 3.7 x 10" exp[-0.359/KT] (s} 7

The conduction activation enthalpy (0.359 €V) of the Pby s;Cdp 33> crystasis close to tha of our
nomindly pure cubic PbF, crystals at temperatures up to 450 K (0.392(5) €V). However, due to a high
concentration of defects, the conductivity of the Pbyg,CdyssF, crystas is higher by three orders of
magnitude than that of the nominaly pure cubic PbF, (Fig. 3). We have found also a close value of
conduction activation enthalpy (AHq = 0.388(2) €V) for our best fluoride ion conductor, PbF,:7 mole %
Scks. The value of the ionic conductivity of the PbF,:7 mole % ScF; single crystd at 500 K is adso very
close to that of the Pbyg;Cdo s3> single crystal. In the case of the PbF,:7 mole % ScF; crystal, we have
clearly proved an intertitialcy transport mechanism [9]. It indicates, but does not prove, an interstitialcy
transport mechanism in the Pbgygs;CdossF, crystals, too. Due to defect-defect interaction, a high
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concentration of defects in Pbgg;CdossF crystals brings about a decrease of the migration enthal py and of
the conducti on activation enthalpy.

Our estimations do not take into account the interaction of defects, the migration entropy, and a
distribution in jJump lengths, jump frequencies, and migration enthalpies. The exact value of y is unknown
for the interstitidlcy mechanism in a heavily disordered Phge;Cdos3F> crystal. However, the calculated
value of the pre-exponential factor, v,, in the equation (7), agrees reasonably with the frequency observed
ininfrared studies (~3 x 10*s™). This frequency agrees well also with the NMR F19 data[2], according to
which the spectrum is represented by a narrow diffusion line even at room temperature.
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