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Abstract. The crystal structure and ionic conductivity of polycrystalline samples of
(PbR)1—.-(KF), with 0 < x < 0.333 are investigated using neutron diffraction and impedance
spectroscopy techniques. The maximum solid solubility of KF in the fluorite structéred

PbF, is found to bex = 0.013(6). However, the introduction of ®K and the associated
charge compensating anion vacancies has a dramatic effect on the ambient temperature ionic
conductivity, which increases by a factor6®) x 10° for an x = 0.01 sample at 350 K.

At higher dopant levels the ambient temperature conductivity falls steadily in the range
0.05 < x < 0.333 due to the presence of an increasing volume fraction of relatively poorly
conducting additional phases, apparently comprising orthorhooitbF, and a further phase

of probable composition PbiF However, the ionic conductivity of these samples show an
abrupt increase af = 520(5) K, as the two minority phases react to form a single, superionic
phase. Within this high-temperature modification the anions are dynamically disordered over
the tetrahedral and, to a lesser extent, the octahedral interstices created by a body centred cubic
(bcc) cation sublattice formed by Pband K*. This phase is, therefore, an example ofaion
conducting bcc superionic and its structure is ‘anti-’ to that adopted by the archetypal superionic
phasex-Agl. A plausible model describing the structural relationship between these two anti-
types, including the short-range order between mobile ions within théRimc-, K, )F,_, phase,

is given.

1. Introduction

Superionics are materials which display exceptionally high values of ionic conductivity
(typically o ~ 1 Q! cm?) whilst in the solid state. Two of the most widely studied
families of superionic compounds are the’Agnd Cu conductors and the group of ionic
compounds which adopt the fluorite structure (space grouprB [1]. Examples of the
former are Agl, AgTe and Cul, and the transition from the ‘normal’ (insulating) state to
the superionic state is abrupt (a type | transition in the notation of Boyce and Huberman
[2]) and associated with a first-order structural phase transition. The high-temperature phase
is characterized by extensive cation disorder, with mobil¢ &g Cut performing rapid

hops between the interstitial sites formed by an essentially rigid anion sublattice. This is
body-centred cubic (bcc) in the caseoss®rgl [3, 4], «-CuBr [5] andy-Ag,Te [6] and face-
centred cubic (fcc) ime-Cul [5, 7] andy-Ag,Te [6]. The bcc structured compounds generally
have higher values of ionic conductivity than the fcc ones, probably because the migrating
species preferentially favour four-fold coordination and the number of available tetrahedral
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interstices is higher in the case of a bcc sublattice (12) than an fcc one (four) [2]. In contrast,
the fluorite structured compounds such as £&fChL and 8-PbF,, undergo a gradual build

up of dynamic anion Frenkel disorder on increasing temperature (type Il superionic) [8].
This intrinsic, thermally induced disorder produces a rapid, though continuous, increase
in the ionic conductivity,o, a A-type anomaly in the specific hedt, [9] and a peak

in the lattice expansivityry [10]. The superionic transition (generally defined to be the
temperature of the peak i@),) is typically 7. ~ 0.7-08 T,,, where T, is the melting
temperature.

Of these fluorite structured compound3;PbF, has attracted considerable attention
because it has the lowest transition temperature, both in abs@jute 710 K) and relative
(T./T,, ~ 0.65) terms [11]. However, the material is complicated by the presence of
the cotunnite structured phase (space groupnma), to which fluorite structure@-PbF,
transforms at a relatively modest pressurd.@4 GPa) [12]. Upon release of pressuse,

PbF, is retained as a metastable phase indefinitely and the rexerseg transformation

can only be achieved by heating to over 610 K. Potential applications of PbiFattery
technologies require that the superionic transition temperdfurbe reduced as far as
possible, thereby enhancing the ionic conductivity at temperatures close to ambient. In
addition, theg — « transition pressure should be increased, becati8bF, would tend to

be produced by grinding and/or compacting during device manufacture and it is a relatively
poor conductor [13]. Extensive studies using chemical doping to bring about the desired
changes in the—T phase diagram of Phfave been performed, including the introduction

of monovalent (i.e. K [14,15] and Ag [16]), divalent (i.e. SA" [17]), trivalent (i.e. BF'

[18], Y3t [19] and S$* [20]) and tetravalent (i.e. 2t [21] and TH* [22, 23]) cation species.

In this paper we consider the effects of KF doping on the structure and ionic conductivity
of PbF, in the range 0< x < 0.333. At low dopant concentrations (<~ 0.01) the
potassium cations sit substitutionally on the host fluorité"Riites and electrical neutrality
is maintained by the formation of Fvacancies on the anion sublattice [14,24]. These
extrinsic defects have a dramatic effect on the room temperature ionic conductivity, which
increases by over three orders of magnitude: at 0.01 [24]. However, the behaviour
of the doped material at higher KF contents is less clear, largely due to ambiguities in the
(PbR)1_.-(KF), binary phase diagram (see [25-27]). In particular, the extent of the fluorite
structured solid solution is unclear and there have been conflicting reports concerning the
nature of the ordered phases present, including evidence f00.5 (PbKF;) andx = 0.8
(PbK4Fg) stoichiometries. As a consequence, the inter-relationship between the extrinsic
defects (caused by aliovalent doping) and the intrinsic (thermally induced) lattice disorder
is not well understood.

2. Experimental

2.1. Sample preparation

(PbR)1_.-(KF), samples withx = 0.01, 0.05, 0.10, 0.25, 0.30 and 0.333 were prepared by
mixing the appropriate amounts of Pb§09.997% purity, Alfa Products) and KF (99.994%
purity, Alfa Products) and grinding using an agate mortar. The reactants had previously
been dried overnight at 590 K. The samples were then sintered for 15 h at temperatures
between 650 K and 890 K. Slow cooling at 30 K'hwas necessary in order to obtain
crystalline samples. All reactions were carried out in gold crucibles under a flowing nitrogen
atmosphere and the samples handled in a nitrogen filled dry box. The melting point of the
x = 0.333 sample was observed as 840(5) K in a nitrogen atmosphere.
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2.2. Impedance spectroscopy

Two terminal measurements of the ionic conductivity were performed using a pelleted
sample of 6 mm diameter and 5-6 mm length. These were held between two spring loaded
platinum disks inside a boron nitride cell which is inserted into the hotzone of a horizontal
tube furnace. Details of this device can be found elsewhere [28]. Complex impedance
measurements were performed approximately every 3 min whilst the furnace temperature
was first heated and then cooled at a constant rate of 60'KA PC controlled Solartron
S1260 frequency response analyser determined the convenfiedalimpedance plot over

the frequency range from 0.1 Hz to 10 MHz. The real component of the sample impedance
Zs was determined using the program IMMFIT [28]. All measurements were performed
under dynamic vacuum ef10~2 Pa and temperature monitoring obtained using chromel—
alumel thermocouples located within the cell at a distancedmm from the sample pellet.

2.3. Neutron diffraction

Neutron diffraction experiments were performed using the Polaris powder diffractometer
at the ISIS facility, Rutherford Appleton Laboratory, UK [29]. Time constraints restricted
these investigations to the samples witk= 0.10, 0.30 and 0.333. Comparison data for pure

x = 0.00 B-PbF, were taken from a previous study [10]. The samples were encapsulated
inside thin walled vanadium cans of 11 mm diameter and 40 mm height. High-temperature
measurements used a special furnace designed for neutron diffraction constructed of
vanadium foil resistive heating element and heat shields. Diffraction data were
predominantly collected using the backscattering detector bank which covers the scattering
angles 130 < £20 < 160 and provides data over thespacing range .@ < d(A) < 3.2

with a resolutionAd/d ~ 5 x 1073, Additional information describing the variation with
d-spacing of the coherent diffuse scattering was provided by measurements using the low-
angle detector bank. These are situated at2820 < 42, providing access to a wider
d-spacing range.6 < d(A) < 8.3, though with a poorer resolution @d/d ~ 1072,

Analysis of the neutron diffraction data considered both the Bragg scattering, which
gives thetime-averageddistribution of ion positions within the unit cell, and the coherent
diffuse scattering (observed as undulations of the measured ‘background’ between the Bragg
peaks), which arises from short-ranigstantaneouscorrelations between disordered ions.
The former were treated using the conventional Rietveld profile refinement of the normalized
diffraction data, using the program TF12LS [30] based on the Cambridge crystallographic
subroutine library [31]. In all cases the fitted parameters included an overall scale factor,
a number of coefficients (usually 5) of a polynomial expression describing the background
shape and a Gaussian width parameter describing the observed peak width. Details of
the structural parameters included in the fitting procedure are discussed more fully below,
as these are dependent on the nature of the particular phase under investigation. The
mathematical expressions used to calculatedtispacing variation of the diffuse scattering
intensity using assumed defect models can be found elsewhere [32]. The coherent neutron
scattering lengths of the constituent elements are given in table 1.

3. Results

3.1. lonic conductivity

The variation of the ionic conductivityy of the (PbR); . (KF), samples with KF
concentrationx is shown in figure 1 for representative temperatures of 350 K, 580 K and
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Table 1. The values of the coherent neutron scattering leigtind ionic radius- for Pb*t,
K+ and F used in this study.

Coherent neutron scattering  lonic radius

lonic species  lengti (fm) r (&)
P+ 9.405 0.98
K+ 3.670 1.37
F- 5.654 1.31

700 K. At the lowest of these temperaturesises very rapidly with KF concentratian,

such thatrssg k = 3.5(1) x 1072 Q=% cm! for thex = 0.01 sample compared t&sg « =

6.4(2) x 1077 Q=1 cm* for the pures-PbF, material. This is in agreement with previous
measurements on this system [24]. At the higher dopant concentrations with05 there

is a steady decrease dasg k, falling to a value of 8(1) x 10°° @~ cm™! atx = 0.333.

A crude extrapolation of the two regions of lggr againstx implies a discontinuity in

the conduction mechanism at~ 0.015. However, further discussion of its origin will be
deferred until after the presentation of the neutron diffraction measurements in the following
subsection. At higher temperatures, the variation afith x is less marked and, in contrast

to 350 K, o580 k ando7gp k both increase withx over the entire range.0 < x < 0.333.
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xin (PbFZ)J-x'(KF)x limit of K* in fluorite structuredg-(Pb_.K,)F>_, at

x ~ 0.015.

These effects become clearer by consideration of the temperature dependence of the
x = 0.0, 0.01, 0.10 and 0.30 samples in figure 2. The pure- 0.0 g-PbF, sample
shows the ‘classic’ type Il superionic behaviour, with the ionic conductivity saturating at
a temperature~800 K and in accord with previous measurements [11]. On increasing
temperature, the ionic conductivity of the = 0.01 sample approaches that of the pure
x = 0.0 material, presumably because the low concentration of extrinsic defects becomes
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dominated by the extensive intrinsic (thermally induced) Frenkel disordérsat- 600 K.
However, thex = 0.10 and, to a greater extent, the= 0.30 samples show abrupt increases
in their ionic conductivity atf’ = 520(5) K. In the latter casey jumps by~50x, reaching

a value of 042(1) @~ cm™! at 580 K, approximately four orders of magnitude higher than
the pureg-PbF, at the same temperature.

log .10 (Q'lcm'l)}

| (PbF,), ~(KF), -

| | | | ! i !
300 400 500 600 700 800 900
Temperature (K)

Figure 2. Variation of the ionic conductivity log,o
with temperature for(PbFR)i_,-(KF), samples with
x = 0.0, 0.01, 0.10 and 0.30.

3.2. Neutron diffractiont = 0.10 sample

The evolution of the powder neutron diffraction pattern for.the 0.10 sample is illustrated

in figure 3. At all temperatures, the measured diffraction pattern is dominated by intense
reflections at positions expected for the fluorite structysephase. However, at ambient
temperature there are additional weak reflections observed at, for example].64 A,
1.90A, 2.32 A and 2.38A. These disappear & ~ 520 K, to be replaced by another
series of fewer, though marginally more intense, Bragg reflections. Further discussion of
these features will be given in section 3.4.

We begin by performing time-of-flight Rietveld refinement of the dominant fluorite
structured phase using the ambient temperature diffraction data. We refer to this pfiase as
(Pb_,K,)F,_, to denote that the K contenty is not necessarily equal to the compositional
valuex. Those regions of the time-of-flight diffraction pattern containing the weak additional
reflections were excluded from the fitting procedure to avoid possible adverse effects on the
refined parameter values. In the cubic fluorite structure (space gretBm), the cations
are located on the 4(a) Wyckoff sites @ 0, 0) + fc (where fc denotes the face-centre
translations+(0, 3, 3), +(3,0, ) and+(3, 3, 0)) and the anions are situated on the 8(c)
sites at(3, 3, 1)+ fcand(3, 5. 2)+ fc. The fitted structural parameters comprised the cubic
lattice parametedy, the cation and anion isotropic thermal vibration paramet®gs  and
Br) and the K contenty. The cation site was constrained to have full occupancy (but
variable PB* /K™ ratio) with the F site value constrained to maintain overall electrical
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Figure 3. The evolution of the neutron diffraction pattern of ttiebF);—,-(KF), x = 0.10
sample with temperature. The data shown cover the range<34D(K) < 700 in 20 K
steps. At all temperatures the pattern is dominated by the fluorite structured phase labelled

,B'(Pblnyy)F27y-

neutrality within the sample. The fitted parameters are listed in table 2, together with the
corresponding values @b, Bp, and By for a pureg-PbF, sample. Unfortunately, neutron

(and x-ray) diffraction are relatively insensitive to the doping of KF into Rldce the
process reduces the mean scattering power of both the cation site (see table 1) and the
anion site (via the formation of Fvacancies). However, it is clear from table 2 that the
refined value for the K conteny (= 0.013(6)) is significantly less than that predicted solely

from the chemical compositionx (= 0.10). In addition, the relatively small difference
between the lattice parameterg for the pure and doped compounds is inconsistent with
that expected by the introduction of the larger potassium ion [15]. These observations are,
therefore, indicative of phase segregation, such that

(PbR) 1 (KF), x = 0.10 — fluoriteg-(Pb_,K,)Fo_y
with y = 0.013(6) + higher K"content phase(s)

We now briefly consider the effect of temperature on the former phase, to investigate the
influence of the (limited) K doping on the superionic transition. The nature of the higher
K* content phase(s) will be addressed later. The analysis strategy closely followed that
adopted in our previous investigation of the structural behaviour of puPbéF, [10]. The
fitted structural parameters were the cubic lattice paramgtesotropic thermal vibration
parameters for the cation and anion speclys, x and By, and the fraction of fluorine ions
which leave the regular lattice sitesy. The results of these refinements are illustrated in
figure 4. The lattice parameter clearly shows the presence of an anomalous increase in the
expansivity do/dT in the region~700 K. This effect has been observed in pdr€bF, and
is associated with the onset of the thermally induced Frenkel disorder which characterizes
the superionic state [10]. Similarly, the concentration of anions leaving the regular lattice
sites to form Frenkel interstitials appears very similar in the puee 0.0 and K" doped
y = 0.013(6) samples. The introduction of the limited'Klopant into8-PbF, has, therefore,
little effect on the transition to the superionic state with this fluorite structured material.
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Table 2. Results of the analysis of the ambient temperature data for ptPbF, and the
B-(Pb_,K,)F>_, phase observed in th@®bFR);1_,-(KF), sample withx = 0.10.

B-(Pb_,K,)F>_, phase in

Sample Puregg-PbR (PbR)1_, (KF), x = 0.10 sample
Temperature 295(2) K 295(2) K
Space group Fm3m Fm3m
Formula units per Z =4 Z=4
unit cell
Unit cell constant  ap = 5.94631) A ap = 5.94691) A
Cations 4(a) sites &b, 0,0) + fc 4(a) sites at(0,0,0) + fc
Bpy = 0.52(2) A Bpyx = 0552) A’
y = 0.0136)

= mpp, =Z(1—y) =3.952)
= mg = Z, =0.052)

Anions 8(c) sites att(3, 2, ) + fc  8(c) sites atk(3, 3. ) + fe
Br = 0.833) A’ Br = 0.94(4) A
=>mp=22—-y)=7.952)
Goodness-of-fit ~ x2 =1.10 x2 =122
3753 experimental data points 3760 experimental data points
113 Bragg peaks 113 Bragg peaks
10 fitted parameters 11 fitted parameters

3.3. Neutron diffractionxx = 0.30 sample

Inspection of the room temperature neutron diffraction pattern frometke0.30 sample

(figure 5) confirms that the minority phase with higher Kontent observed in the= 0.10

sample is now the dominant one. Conversely, only a few, very weak reflections arising from
the fluorite structured phase are now present. Presumably the lgtt€Pis_ K, )F,_, with

the maximum solubility ofy = 0.013(6) discussed in the previous section and no further
analysis of its temperature dependence was attempted. Extrapolation of the decrease in
intensity of theg-(Pb_,K,)F,_, Bragg peaks with total K contentx suggests that the
fluorite structured phase is absentxat= 0.333. This was subsequently confirmed by
neutron diffraction investigations of @bF,);_,-(KF), sample withx = 0.333. The exact
structural nature of this material is discussed in the following subsection.

3.4. Ambient temperature structure:= 0.333 sample

The diffraction pattern collected from the ambient temperature phase of the) (PBIKF),
sample withv = 0.333 is extremely complex. The obserwédpacings are listed in table 3.
Unfortunately, attempts to determine the structure of this phase at ambient tempatature
initio have not been successful. However, a number of the obserspécings are very
similar to those observed in cotunnite structuse®bF, (table 3). There are two possible
explanations for this feature. First, the sample with- 0.333 could be a single phase of
composition PEKF5 and possess a superstructured?bF,. The latter could be the result of
ordering of the two cation species and/or ordering of the anion vacancies. However, simula-
tions of the diffraction patterns using the structures of related compounds with the same stoi-
chiometry (such as BBICls [33], Pd:Csk; [34] and SnKFs [35]) show no similarity to that
measured. Furthermore, no phase of this composition has been identified in the published
phase diagrams of the PBKF system [25-27]. Alternatively, it is possible that the mate-
rial exists as a mixture of two phasesPbF, and a further phase of higher KF content. In
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Figure 4. Comparison of the structural properties of pytePbF, and the doped fluorite
structured phasg-(Plbi—,K,)Fo_, present in the(PbR)1_.-(KF), sample withx = 0.10.

The close similarity between their thermal expansions, including the anomalous behaviour close
to the superionic transition @& ~ 700 K (top), indicates that doping has relatively little
influence on the intrinsic Frenkel disorder. This is confirmed in the bottom figure by the defect
concentrations for the doped samp®)(and the pure material (line taken from [10]).

support of this hypothesis, PbKRas been identified [26], but no details of its structure have
been reported. Attempts to determine a unit cell using only thiesgacings not consistent
with «-PbF, (table 3) proved unsuccessful and further investigations to resolve the structural
description of(PbF,);_,-(KF), with x = 0.333 at ambient temperature are planned, includ-
ing the use of highad /d resolution diffraction data collected with both neutron and x-ray
radiations. However, of principal concern in this paper is the abrupt increase in the ionic con-
ductivity at 7 = 520(5) K. With reference to figure 5, it is clear that this transition to a su-
perionic phase is coincident with a dramatic simplification of the neutron diffraction pattern.

3.5. High temperature structurex = 0.333 sample

The structural investigations of the high temperature superionic phagebéf); .-(KF),

with x = 0.333 used diffraction data collected at 673 K. As illustrated in figure 5, the high
temperature diffraction pattern is extremely sparse. The observed peaks can be indexed on
a body-centred cubic (bcc) unit cell with= 4.66551) A. This is in broad agreement with
Schmitz-Dumont and Bergerhoff [25], who observed a minority phase avith4.64 A in

a sample withx = 0.25. Furthermore, the rapid fall-off in intensity at shakspacings

and the diffuse scattering observed as modulations in the measured background between
the Bragg peaks are indicative of a highly disordered phase. This is consistent with the
high-measured value aof (figure 1) and suggest that the = 0.333 sample becomes a
single bcc structured superionic phase, of the type observed in the cation disordered phases
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Figure 5. The evolution of the neutron diffraction pattern of ttiebF);—,-(KF), x = 0.30

sample with temperature. The data shown cover the range<480K) < 650 in 10 K steps.
The transition to the superionic béBPh K, )F,—, phase withx = 0.333 at7 = 620(5) K

is clearly visible. A small quantity of the fluorite structured phasePb K )F2_, is also
present at all temperatures.

such asx-Agl [3, 4], «-CuBr [5] andy-Ag,Te [6]. For reasons that will become apparent
subsequently, we denote this phase bce-(P,)F,_,. The fluorite structured superionic
phase of purgg-PbF, is characterized by extensiamion disorder [10] and it is reasonable

to assume that be@b,_ K, )F,_, with x = 0.333 is ‘anti-’ to the cation conducting phases
discussed earlier. Figure 6 shows a schematic representation of such a bcc structured
superionic phase. The ‘fixed’ ions (Pband K" in bcc{Pb,_,K,)Fo_, and I in a-Agl)

are located in the 2{ sites of space groupm3m at (0,0,0) and (3, 3, ). The mobile

ions (F in bcc{Pb_,K,)F._, and Ag" in a-Agl) diffuse through the bcc sublattice and
can occupy the various interstitial cavities which are labelled according to their surrounding
environment of unlike neighbours. As summarized in table 4, these are the octahéjiral 6(
sites at(0, 3, 1) etc, the tetrahedral 18] sites at(3, 0, 1) etc, the trigonal 24f) sites at
(w, 0, 3) etc., withw = 3 and the linear &) sites at(3, 7, 7) etc. However, in bcc-
(Ph_.K,)F>_,, F~ occupying the latter would be situated at a distan(@:/4 ~ 2.0 A

from the cation sites and, in view of the ionic radii of the constituent ions (table 1), we do
not consider these linear sites further.

On average, the unit cell contains833x P¥t and 0667x K+ distributed over the 2(a)
sites. Any long-range order of these two species resulting from a non-random distribution
of cations would lower the symmetry frofm3m to Pm3m and additional(zk/) Bragg
peaks withi + k + [ # 2n would, in principle, be observed. The significant difference in
the coherent neutron scattering lengths fof‘Pand K+ (table 1) gives a high sensitivity to
such partial ordering and simulations of the diffraction pattern indicate that peaks such as
(001) and (111) would be observable at the measured level of counting statistics for only
a small deviation {5%) away from a complete random distribution. This justifies our use
of the () parentheses in the b¢ek,_K,)F,_, label for this superionic phase.

Whilst the absence of these Bragg peaks in the experimental data discounts the presence
of any long-range cation order it does not rule out the possibility of short-range correlations
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Table 3. The observed-spacing values at ambient temperature for(feF,) 1, -(KF), sample
with x = 0.333 illustrating the similarity to those calculated for orthorhombiPbF,.

Orthorhombica-PbFR
(PbR)1—«(KF)y x=0333

d (A) d@A)  hki
6.3408 — —
5.6223 — —
5.5358 — —
5.0290 — —
4.8740 — —
3.8356 3.8345 002
3.6753 — —
3.4526 3.4543 011
3.3002 32958 102
3.2268 3.2240 200
3.1663 — —
3.0492 3.0449 111
2.8331 — —
2.7146 — —
25116 25089 112
2.4809 24768 210
2.4459 — —
2.4160 — —
2.3878 2.3764 103
2.3588 2.3569 211
2.3198 — —
2.2777 — —
2.2539 — —
2.2194 — —
2.1648 — —
2.1322 2.1328 013
2.0690 2.0696 301
2.0250 2.0249 113
1.9994 2.0031 203

on the scale of one or two unit cells. This question will be addressed further in section 4.3.
Instead, we turn our attention to the anion locations. A totak@£%) = 3.333 anions in the
unit cell can be distributed over the six octahedral, 12 tetrahedral and 24 trigonal sites. To
determine the preferred locations of the highly disordered cations we fit structural models to
the experimental data, allowing anions to occupy one or more of the interstitial sites (octahe-
dral, tetrahedral and trigonal) using as criteria the usual goodnessygf4ifatistic, the sta-
bility of the least-squares minimization procedure (i.e. the absence of significant correlations
between variables) and the requirement that the fitted parameters are physically sensible.
A summary of the different models and their results are given in table 5. We begin by
performing a so-called ‘model independent’ fit to the data. This approach (labelled A) uses
as variables the 20 coefficients of a polynomial expansion to fit the observed background,
the unit cell parametetp, a Gaussian peak width parameter and 95 intensities of the Bragg
peaks in the range.B3 A < d < 3.10 A. As such, it neither assumes nor provides any
structural information. However, the resultant valuexdf(0.98) gives an estimate of the
‘target’ for subsequent structural analysis and confirms that all the peaks in the measured
diffraction pattern are consistent with the chosen unit cell and space group symmetry. The
relatively large number of parameters required to describe the background is required to
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Figure 6. Schematic diagram of the structure of a bcc structured superionic phase of lattice
parameterg. The large spheres represent the immobile X ions situated oriOtlte 0) and

(%, % %) positions. Possible positions for the mobile M ions in the octahedrgl, jMetrahedral
(Myer) and trigonal (M,;,) interstices are shown.

Table 4. The four possible sites occupied by the mobile ions within a bec structured superionic
phase (space groupn3m) of lattice parameteuy.

Cation site  Wyckoff site  Position Cation distances
2@120
Octahedral  6(b) .3, 1) etc o
1@—
V2
5a
Tetrahedral ~ 12(d) (2.0, 3) etc 4@\/%
18
Trigonal 24(g) (w,0, 3) etc 3@\/%
with w = g
. 3
Linear 8(c) G L et 2@%

adequately fit the undulating diffuse scattering observed in the superionic phase. In all the
structural refinements (models B H) the background parameters, unit cell constant and
Gaussian width parameter are varied. In addition, the anion and cation thermal parameters
(Bpy/x and Br, respectively) were refined. In those cases where more than one interstitial
site is considered, the thermal parameters for each Bit€.(, Br . and Bg.;,) were
initially constrained to be equal but subsequently varied independently. In all cases the total
fluorine content in the unit cell was held at the value given by the dopant concenttation
(i.e. mpoet + Mp e +mrprig = 2(2— x) = 3.333). All fits were started with the anions
distributed uniformly over all the available sites in the model.

Models B, C and D consider the anions to only occupy the octahedral, tetrahedral and
trigonal sites, respectively. These do not provide an acceptable fit to the experimental data
(x? > 4) and, in addition, the fitted thermal vibration parameter for the octahedral site
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Table 5. Summary of the structural models used to determine the structure of the high-
temperature superionic phase W&y K,)F,—, with x = 0.333 See section 3.5 for an
explanation of the symbols.

Model Description x? Comments

A Model independent fit 0.98

B Octahedral sites only 5.8BF. ot =51 AZ

C Tetrahedral sites only 4.57

D Trigonal sites only 4.06

E Octahedrait+ tetrahedral sites 1.13

F Octahedral+ trigonal sites 3.32mp iy Small. Unstable ifBr oc; # BF ter
G Tetrahedra trigonal sites 2.60mp ;rig Small. Unstable ifBr oc; # BF irig
H Octahedralt- tetrahedral- trigonal 1.07 m g ;g small.

(model B) has a physically unrealistic value Bf ., = 51 AZ, corresponding to a mean
thermal vibration(u) of \/Br /87 ~ 1.4 A. Models E, F and G allow two sites to be
filled simultaneously but, as shown in table 5, only model E (octahedral and tetrahedral sites)
provides a significant improvement j?. Models F and G indicate relatively little fluorine
occupancy of the trigonal sites:¢;;, < 0.5). In addition, models F and G become highly
unstable during attempts to vary the thermal parameters of the two sites independently, due to
excessive correlations between the thermal vibration and occupation parameters. Finally, we
consider a fit (model H) in which all sites can be occupied simultaneously. With the initial
constraint of equal thermal vibration parameteBs {.; = Br .. = Br.rig) the fit converges

to a value close to that obtained in model E and with no significant occupancy of the trigonal
sites. As expected, release of the thermal parameter constraint ggusesliverge.

We conclude that the best description of the experimental diffraction data for bcc-
(Pb_K)Fo_, with x = 0.333 is provided by model E, with the fitted parameters listed in
table 6. The quality of the final fit to the data is illustrated in figure 7. The final valyg of
is slightly higher than that provided by the model independent fit and probably represents
approximations used in describing the highly disordered system in terms of discrete, well
defined lattice positions. However, the increasing number of variables required to consider,
for example, anisotropic and anharmonic thermal vibrations of the ions cannot be justified
in view of the limited number of observed Bragg peaks.

4. Discussion

4.1. Overview

The ionic conductivity data for the fluorite structured solid solution regioniRifF); .-

(KF), atx < 0.013(6) presented in section 3.1 are in accord with the accepted model of
dopant K located substitutionally on the Pbsites [24]. Electrical neutrality is maintained

by the formation of vacancies on the anion sublattice and these vacancies give rise to
a dramatic increase in the ionic conductivity (by6 x 10°, see figure 1). At elevated
temperatures, it is interesting to consider the relationship between these vacancies and
the intrinsic disorder which characterizes the transition to the superionic state. The direct
comparison between the structural behaviour and the ionic conductivity of the doped fluorite
solid solutionB-(PbR);1_, (KF), with x = 0.013(6) and pure8-PbF, (taken from reference

[10]) in figures 2 and 4 indicate that the extrinsic defects {facancies) have little or no
effect on the intrinsic (Frenkel) disorder. The concentration of Frenkel defegts-af00 K
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Table 6. Results of the analysis of the 673 K neutron diffraction data for the superionic phase
bee{Phy— Ky )Fo—, with x = 0.333.

Sample bcaPby_ K, )Fo_, with x = 0.333

Temperature 673(2) K

Space group Im3m

Formula units per Z =2

unit cell

Unit cell constant ag = 4.66551) A

Cations 24) sites at(0,0,0) and (3. 3. 1)
Bpyk = 6.3(2) A

Anions 12¢l) sites at(1, 0, 1) etc.
MF tet = 2.53(2)

Br. = 104(3) A?

6(b) sites at(0, 1, 3) etc.

MF oct = 080(1)

Br.oa = 87(6) A”
Goodness-of-fit  x2=1.13

3753 experimental data points

95 Bragg peaks

10 fitted parameters

60%“\\XH 11T ] ]
50t b.c.c.-(Pb;  K)F,.,
sl =(0.333
T=673K

30F
20F
10 ! th ,

ISV S S S S
. . ! , .

1.0 Is 20 2.5 3.0
d-spacing (A)

Figure 7. The time-of-flight Rietveld refinement of the diffraction data collected at 673 K and
used to determine the structural parameters of the(Bbg-,K,)F,_, phase withx = 0.333

listed in table 6. The dots are the experimental data points, the line represents the calculated
profile and the tick marks at the top of the figure illustrate the expected peak positions.

exceeds the extrinsic vacancy content by a faetdi(figure 4) so that the latter are relatively
unimportant. As might then be expected, the ionic conductivity for.the 0.01 and

x = 0.0 samples are very similar & >~ 700 K. This contrasts with the situation found in
many other fluorite structured solid solutions, in which the chemical doping has a profound
effect on the ionic conductivity mechanism, superionic transition temperature and structure.
Examples include the anion-deficient oxides suchza®,); ,-(Y,03), and anion-excess
halides such agsCak); .-(YF3),. However, these systems possess considerably higher
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solid solubility limits (typically x ~ 0.25-Q35) and are characterized by clusters built up
of anion vacancies [36] and interstitials [37]. These defects are known to play a central
role in both enhancing [38] and hindering [39] the high-temperature ionic motion. The
limited extent of the fluorite solid solution itPbF,);_,-(KF), is then unlikely to allow the
formation of extended defects.

4.2. Comparison with bcc Agsuperionics

As discussed previously in section 3.5, the structure of the high-temperature phase of bcc-
(Ph_,K,)F>_, with x = 0.333 can be described as an ‘antiAgl’ arrangement. Pb

and Kt are randomly distributed over the 2(a) sites at (0, 0,0)@nd, 3) and the (highly
disordered) anions reside on the tetrahedral and, to a lesser extent, the octahedral interstices
formed by the bcc cation sublattice. The significance of the ‘anti’ nature of the bcc-
(Pb_,K,)F,_, superionic phase is highlighted by the ionic radii (table 1) because it is
the larger ionic species which is mobile. In silver based bcc structured superionics the
(smaller) mobile Ag are located predominantly on the tetrahedral sites, with no evidence
of octahedral occupancy in, for example;Agl [4] or y-Ag,Te [6]. With reference to
figure 6, there are 12 tetrahedral sites available to mobile (M) ions within the unit cell
and only two sites for the fixed (X) species. The highest stoichiometry of a bcc structured
superionic phase with mobile ions occupying tetrahedral sites is thed. MHowever,
geometric effects due to the finite size of the ions do not allow all the tetrahedral sites to
be filled simultaneously. Each tetrahedral site has four nearest neighbour (nn) tetrahedral
sites at a distance/2ao/4, two next nearest neighbour (nnn) sites at a dista¢@ and

a further eight sites at a distane&bao/4. If we consider the unit cell constants @fAgl

(ap = 5.05(1) A at 420 K [3]) andy-Ag,Te (ao = 5.3291) Aat 1123 K [6]) and the ionic
radius of sHver(A . = 101A) it follows that no nn sites can be simultaneously filled. The
highest possible st0|ch|ometry is thengX! This hypothetical arrangement, illustrated in
figure 8(a), is expected to be a poor superionic, because a mobilec&gnot move to an
empty tetrahedral site without adopting anomalously short cation—cation distances. Within
this simple argument, the presence of empty tetrahedral sites are then compatible with the
superionic behaviour observed in the-MAg™" phasesy-Agl and y-Ag,Te, because these
‘real’ compounds have lower cation contents.

4.3. Local order in superionic bc€Pb; K, ) F>_, with x = 0.333

If we now consider the case of b¢Ph_ K, )Fo_, with x = = 0.333, the distance between

the nn tetrahedral sites (1 6\3 and nnn tetrahedral sites (2. 34 are both less than twice

the anion ionic radius (R r.¥ = 2.62 A) and the maximum number of anions which can be
accommodated on the tetrahedral sites is three per unit cell. This stoichiometrysXfiM
illustrated in figure 8(b) and, once again, does not allow long-range diffusion of the mobile
species. The observation of significant occupancy of octahedral sites iiPbcgK,)Fo_,

with x = 0.333 (which is equivalent to Xlks7) is then a consequence of steric constraints
which restrict the occupancy of tetrahedral positions. With reference to the refined values
(table 6), there are 2.53(2) anions distributed over the three available tetrahedral sites, with
the remaining 0.80(1) located on octahedral holes. However, the tetrahedral sites have four
anion—cation distances of 2.61 and the octahedral cavities are smaller and somewhat
distorted, with 2 cations at a distance 2.83and a further four at 3.3\ (table 4).

is reasonable then to assume that the smallét Rhtions are preferentially located at the
shorter dlstancesrih2+ +riV =229 A) and the remaining four are occupied, on average,
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Figure 8. Schematic diagrams of two hypothetical structures with maximum concentration of
mobile ions (M) occupying only the tetrahedral sites formed by a bcc sublattice of immobile

X ions. Geometric constraints which do not allow nearest neighboyy 8ites to be filled

leads to the maximum stoichiometry of XMWepresented in (a). The additional restriction
forbidding the simultaneous occupancy of next-nearest neighbour sites leads to arrangement (b)
with stoichiometry XM s.

by 2 x P+ and 2x K*. Similarly, the location of an anion on an octahedral site does not
allow any of the neighbouring 12 tetrahedral sites to be filled by other anions.

These considerations lead to a structural model for the local order within the superionic
phase of bcaPh,_,K,)F,_, which is consistent with the refined parameters presented in
table 6 and does not include anomalously short anion—anion or anion—cation contacts.
This configuration is illustrated in figure 9. The possibilities of ordering of ‘mobile’
species within a bcc sublattice have been extensively addressed using theoretical [40, 41]
and molecular dynamics [42—-44] techniques. In the case-Afl, Maddenet al [43]
consider the 12{) tetrahedral sites as 6 interpenetrating bcc arrays, only two of which
become occupied as the temperature is lowered. However, these studies considered only
tetrahedral sites and, as a consequence, cannot be directly applied @@®@bhcd<,)F,_,.
Instead, we consider the coherent diffuse scattering observed as undulations in the measured
‘background’ between the Bragg peaks (figure 7). This intensity arises from short-range
correlations between disordered ions and its study provides a ‘snapshot’ picture of the
ion positions within the sample. Unfortunately, the limitéespacing range over which
diffraction data were collected do not allow direct analysis of the diffuse scattering by
conventional Fourier transform or reverse Monte Carlo methods [45]. Instead, we perform
calculations of the coherent diffuse scattering to test the proposed defect model.

The principal features of this approach are now described. A large configuration is gen-
erated (10< 10x 10 unit cells in extent), containing 2667P*+, 1333x K+ and 6663 F~
ions. The cations are randomly distributed over@e, 0) and(3, 3. 3) sites within the bcc
lattice, but each is displaced from its ‘ideal’ position in a random direction such that, when
summed over the whole configuration, the cation distribution has a Gaussian form which
models the thermal displacemetfis; x given in table 6. The required number of anions to
be situated on the octahedral sites is then calcul@@87x m r oc; / (M F per+M F rer) = 1600.
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Figure 9. A plausible defect cluster model to explain the presence ofdR octahedral
sites within the superionic phase b@eb_,K,)F,_.. An anion can be accommodated on an
octahedral site (fz;) if the two nearest neighbour cation sites in [001] directions are occupied
by smaller PB". The remaining four surrounding cation sites may be filled by either cation
species. Surrounding anions on tetrahedral sitgs)(Eannot occupy the nearest neighbour or
next nearest neighbour positions.

Each is, in turn, placed on a randomly chosen (empty) octahedral site, again with a dis-
placement to model the effects of thermal displacement. However, if the anion is in a
position that gives anion—cation contacts smaller than the sum of the relevant hard-sphere
ionic radii then the site is rejected and another tried. In this manneteRd to preferen-

tially populate the octahedral cavities which have the smalléf Piicated at the shorter

two cation distancesuf/2). Having successfully located all octahedral anions, the remain-
der are placed randomly over the tetrahedral interstices provided, once again, that they do
not produce anomalously short anion—anion or anion—cation distances. Calculation of the
neutron scattering intensity againétspacing using the completed configuration of 10667
ions will contain both the Bragg and diffuse components. However, the finite size of the
assembly of ions will cause the former to be significantly broader than those measured.
As a result, we artificially ‘remove’ the calculated Bragg peaks as follows. Initially, 1000
equally spaced positions in three-dimensional reciprocal s@hee(Qy, Ok, Q;) are cho-

sen, which all havel-spacing ofd = 0.75 A (Whered = ao/~/Ox + Ox + 01). However,

any Q values which lie within the 0.1 reciprocal lattice unit of the location of an allowed
Bragg peak are discounted. The scattering function is then calculated over the remaining
positions, the average intensity p@ position determined and this procedure repeated at
successively higher values gfspacing up ta/ = 8 A. In this manner, the variation in the
intensity of the coherent diffuse scattering for ®< d(A) < 8.0 is calculated.

This approach is rather intensive in its use of computer time and, as a consequence, is
not suitable for fitting of the data by refining the parameters which describe the defect model.
However, it does allow concepts of physical ‘sense’ (inter-ionic separations, etc) to be built
into the model and directly includes the results of the analysis of the Bragg scattering (posi-
tions, occupancies and thermal vibration parameters). As illustrated in figure 10, the calcu-
lated variation in the calculated diffuse scattering witBpacing is in broad agreement with
the modulations observed in the experimental diffraction pattern. As a result, we conclude
that short-range correlations occur which involve the two cation spaai@the distribution
of anions over the octahedral and tetrahedral sites, of the type illustrated in figure 9.
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Figure 10. Comparison of the coherent diffuse scattering measured from the phase bcc-
(P K,)Fo—, with x = 0.333 at 673 K with that calculated using defect clusters of the
type illustrated in figure 9.

5. Conclusions

The complementary use of impedance spectroscopy and neutron diffraction techniques has
provided a direct insight into the structural behaviour and ionic conduction processes
in (PbR)1_,-(KF), in the composition range .0 < x < 0.333. To the best

of our knowledge, the high-temperature phase termed(Bbg-,K,)F,_, is the first
example of an ‘antix-Agl’ structured superionic. Its study permits an interesting
comparison with the more commonly studied Agind Cu superionics with the bcc
structure §-Agl, «-CuBr and y-Ag,Te). In particular, the presence of significant
numbers of mobile ions on the octahedral sites is a direct consequence of the size
and concentration of F  Preliminary studies suggest that the ety . K,)F,_,

phase remains stable at higher" Kconcentrations, possibly as far as ~ 0.5-06.
Further neutron diffraction and impedance spectroscopy studies are planned to investigate
the effect of the decreasing anion content on the superionic behaviour of this novel
phase.

In the wider context, this observation forms provides a rare example of the similarities
between the two major families of superionics—the fluorite structured compounds and the
Ag*/Cut halides. Doping with K changes the superionic transition in Riffem a gradual
(type II) to an abrupt (type I) one, such that it closely resembles the behaviour of Agl. It
is hoped that experimental studies of this type will motivate further theoretical attempts to
unify the description of superionic compounds and to prediztinitio the nature of the
superionic transition in a given compound (see, for example [46]).
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