IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Superionic phases in the (PbFz)l-x'(MF)x’ M =K, Rb and Cs, systems

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1999 J. Phys.: Condens. Matter 11 5257
(http://iopscience.iop.org/0953-8984/11/27/303)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.214
The article was downloaded on 15/05/2010 at 12:04

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/11/27
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Mattéf (1999) 5257-5272. Printed in the UK PIl: S0953-8984(99)02288-2

Superionic phases in the (PbR);_,—(MF)., M = K, Rb and
Cs, systems

S Hull and P Berastegui
The ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 0QX, UK

Received 3 March 1999

Abstract. The ionic conductivity and crystal structure of Bb#foped with high concentrations

of KF, RbF and CsF have been investigated at elevated temperatures using complex-impedance
spectroscopy and powder neutron diffraction. In the casBlof,)1—.—(KF),, a high-temperature
superionic phase with a body-centred-cubic cation sublattice is observe@3&Q x < 0.68, in

which the anions predominantly occupy the tetrahedral interstices. The corresponding phase in the
(PbR)1— (RbF), system is observed for83 < x < 0.500, though there is a gradual tendency
towards cation ordering over the @ 0 and %2, 1/2, 1/2 sites asx increases. This process is
accompanied by a change in the preferred anion sites in favour of a subset of the octahedral cavities,
such that the mean structure tends towards a partially ordered perovskite-type arrangement. In the
(PbR)1_x—(CsP), system only a single phase at a compositica 0.500 is observed. This phase
adopts a fully ordered perovskite structure and shows no evidence of superionic behaviour up to its
melting point. The structural behaviour of the thi®bF,);_, (MF), systems with M= K*, Rb*

and C§ is discussed in relation to the changes in the measured ionic conductivity with temperature
and dopant concentration. The implications of these results for the wider question of possible
superionic behaviour within halide perovskites is also discussed.

1. Introduction

Superionic conductors are materials which exhibit exceptionally high values of ionic
conductivity whilst in the solid state. This behaviour usually only occurs at elevated temp-
eratures, with values of the ionic conductivity ¢ 0.1-1Q~* cm™t) comparable to those for

the liquid state above the melting poifyt. There are many examples of superionic compounds,
including cation-mobile (e.g. Ag Cu* and Li*) and anion-mobile (e.g.® and F) types [1].
Some of the highest values @fare observed in the fluorine-ion conductors and it is possible
to categorize the many knowr Buperionic compounds on the basis of their crystal structure,
as follows.

(a) Compounds such @sPbF,, Cak, and Bak adoptthe cubic fluorite crystal structure (space
groupFm3m) and are characterized by a rapid, though continuous, increas@itype |1
superionic transition in the notation of Boyce and Huberman [2]). The gradual transition
to the highly conducting state occurs at a temperafuref order 0.8,,. This process
is characterized by an increasing concentration of short-lived, thermally activated anion
Frenkel defects within the fluorite lattice [3§-PbF, has been widely studied because it
has the lowest value df. in both absolute®d. = 710 K) and relative {./T,, ~ 0.65)
terms [4]. Itis also possible to enhance the ionic conductivity béfpwsing chemical
doping (e.g. with K [5, 6] or Y3* [7]) to introduce extrinsic defects (Fvacancies and
F~ interstitials, respectively).
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(b) There have been numerous, though often conflicting, investigations of possible superionic
behaviour within fluoride compounds with the cubic perovskite crystal structure (space
group Pm3m). Whilst KMgF; and KMnF; are generally considered to be ‘normal’
conductors up to their melting points [8-10], there has been experimental evidence for
a gradual increase in thermally induced #isorder within KCak [8, 10-12], KZnk

[13] and NaMgk [14, 15]. However, the ionic conductivity measurements reported
for the latter have been questioned and the high values béve been attributed to
surface electronic conduction [9]. Furthermore, powder neutron diffraction studies of
NaMgF; [16] and KZnR; [17] show increasingly anisotropic anion thermal vibrations at
elevated temperatures but do not support the onset of the anion migration characteristic of
superionic behaviour. In the wider sense, the possibility of superionic behaviour within
perovskite-structured compounds is relevant to the field of earth sciences because the oxide
perovskite (Mg, Fe)Si@is the dominant constituent of the lower mantle and accounts
for ~70% of the earth by mass. The presence of extensived®order has important
consequences for the dynamic behaviour of the earth’s interior and has implications for
many geological problems, including changes in the earth’s magnetic field with time (see
[18-21]). However, perovskite-structured (Mg, Fe)$iSonly thermodynamically stable

atp 2 25 GPaand” > 1500 K [22] and the halide compounds discussed above are ideal
structural analogues which can be studied in more experimentally accessible temperature
and pressure ranges.

In a recent paper [23] we reported complex-impedance spectroscopy and neutron
diffraction studies of a new structural class of fluorine-ion conductor formed by doping
PbF, with 33 mol% KF. At a temperature of 520(5) K, the compound undergoes an abrupt
(type | [2]) superionic transition witla increasing by a factor50x. The structure of

the superionic phase comprises a b.c.c. cation sublattice formed by randomly arranged
P?* and K. The anions are extremely disordered, being distributed over the tetrahedral
and, to a lesser extent, the octahedral interstices formed by the cation sublattice. As
such, this phase can be considered to be ‘arigl’ structured. However, it forms an
interesting comparison with the situation observed in the superionic phase of Agl [24, 25]
because itis the larger ionic species (fhat is mobile, rather than the smaller one {Ag

The possibility of investigating the effects of ionic size on the conduction mechanism
has motivated further studies of fluorine-ion superionic compounds of this structure type,
which are reported in this paper.

(c

~—

2. Experimental procedure

2.1. Sample preparation

Polycrystalline samples with composition (BbE,—(MF),, where M = K, Rb and Cs,

were prepared by mixing stoichiometric amounts of the fluorides in a nitrogen filled dry box.
Reactants had previously been dried overnight at 425 K in a vacuum oven. The samples were
pelletized and then dried at 475 Krf@ h toremove any traces of moisture before sintering at
700 K for 15 h in a gold tube under a dynamic vacuum.

2.2. lonic conductivity measurements

Two-terminal measurements of the ionic conductivity were performed using pelleted samples
of ~6 mm diameter and-6 mm length. These were held between two spring-loaded platinum
discs inside a boron nitride cell which is inserted into the hot zone of a horizontal tube furnace.
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Details of this device can be obtained elsewhere [26]. Complex-impedance measurements
were performed approximately every three minutes whilst the furnace temperature was ramped
up then down at 60 K h*. The maximum temperature used wag00 K. A Solartron
S1260 Frequency Response Analyser determined the convenfiedalBode plot over the
frequency range from 0.1 Hz to 10 MHz. The real component of the sample impedance
was determined using the program IMMFIT [26]. All measurements were performed under
a dynamic vacuum of10~2 Pa and temperature monitoring achieved using chromel/alumel
thermocouples located2 mm from the sample pellet.

2.3. Neutron diffraction measurements

The diffraction experiments were performed on the Polaris powder diffractometer at the
ISIS facility, UK [27], with the KF- and RbF-doped samples encapsulated inside thin-walled
vanadium cans of 11 mm diameter and40 mm height. The CsF-doped material is extremely
reactive at elevated temperatures and was sealed under vacuum insiélmandiameter silica
ampoule of wall thickness'0.5 mm. High-temperature measurements used a special furnace
designed for neutron diffraction constructed using a vanadium foil resistive heating elementand
heat shields. Diffraction data were predominantly collected using the backscattering detector
bank which covers the scattering angles?135+26 < 160 and provides data over thke
spacing range.6 < d (A) < 3.2 with an essentially constant resolutionsaf /d ~ 5 x 1073.

Typical counting times were-2 h at each temperature. Rietveld profile refinements of the
normalized diffraction data were performed using the program TF12LS [28], which is based
on the Cambridge Crystallographic Subroutine Library [29]. The uggatatistic was used

to assess the relative merits of different structural models applied to the data, yfhsitie

ratio of the square of the standard weighted pratiéactor, R,,, to the square of the expected
R-factor, R, [30].

3. Results

3.1. (PbR)1_—(KF),

Our previous paper described the ionic conductivity and structural behaviour gfdepEd
with KF over the range & x < 0.333 [23]. At the highest concentration a superionic phase
was observed at temperatures in excess of 520(5) K, with the ionic condusetiwitreasing
by a factor~50x at the transition and saturating at a value close-@4 Q! cm™. To
investigate the stability range of this superionic phase as a function of increasing KF content,
the ionic conductivity of samples doped with= 0.333, 0.400, 0.450, 0.500, 0.550, 0.625
and 0.700 was measured. Selected plots are illustrated in figure 1. The superionic transition
is observed for all compositions except that with= 0.700, though the discontinuity ia
decreases with. In addition, the transition temperatufgincreases steadily with, as listed
in table 1. The results for the ionic conductivity at a representative temperature of 675(2) K
within the superionic phase are illustrated in figure 2(a).

The investigation of the structural behaviour of the superionic phase of YRPhF(KF),
with KF contentx used neutron diffraction data collected from samples wite= 0.333,
0.400, 0.500, 0.600 and 0.700. Data for the 0.333 sample were presented in our previous
paper [23], indicating that a transition occursTat~ 520(5) K which is coincident with the
abrupt jump in the ionic conductivity (see figure 1). The high-temperature superionic phase
was determined to be cubic, with= 4.66551) A and space groupm3m. The PB* and
K* cations are randomly distributed over the two sites,d, 0 and ¥2,1/2,1/2 and the
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Figure 1. Variation of the ionic conductivity logyo  Figure 2. Variation of (a) the ionic conductivity log o,
with temperature for (P, —(KF), sampleswithh =  (b) the cubic lattice parameteiand (c) the F occupancy
0.333, 0.400, 0.500, 0.625 and 0.700. of the tetrahedral i) and octahedral m{oct) Sites

versus KF content in (PbR)1——(KF),. The data all
correspond to a temperature of 675(2) K.

F~ are disordered over the tetrahedral and, to a lesser extent, the octahedral interstices (see
figure 3(a)). Inspection of the diffraction data collected from the @phE—(KF), samples
with x > 0.333 at high temperature showed that the diffraction pattern comprised entirely that
expected from a body-centred-cubic structure of this type. However=a0.700 additional
weak reflections are observed in addition to those expected for the b.c.c. superionic phase. It
seems likely, therefore, that the superionic phase is stablewpt6.68 and that the additional
peaks are due to the presence of a small amount of a phase with higbentént. A possible
candidate is the phase of composition RBKobserved previously [31, 32].

The analysis of the neutron diffraction data collected within the high-temperature
superionic phase of (PbJ1_.—(KF), follows that adopted previously for the= 0.333 case
[23]. However, a larger set of structural models are used to fit the experimental data, to include
the possibility of partial or complete ordering of the cation and anion sublattices. Clearly, the
absence of any measurable intensity at any ofithek + [ # 2n Bragg positions forbidden
in Im3m symmetry provides no evidence for such long-range order. However, this more
general approach allows us to use the same set of structural models to subsequently analyse
the diffraction data for the (Pbh _,—(RbF), and (Pbk);_,—(CsF). systems in subsections 3.2
and 3.3, respectively. The models are divided into four main classes, labelled | to IV.

The simplest approach is the ‘model-independent’ fit (labelled I) in which the neutron
diffraction data are fitted by varying the intensities of each of the Bragg intensities, plus the
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Table 1. Summary of the samples investigated in the course of this work. The dopant centent
in (PbR)1—x—(MF), is given. The quantity gives the deviation from the idealized perovskite
stoichiometry in MPbg:, andT. is the superionic transition temperature.

DopantM  xin (PbR)1—(MF),  yinMy+ Py F3, T, (K)

K 0.333 -0.333 520(5)
0.400 —0.200 543(6)
0.450 ~0.100 560(6)
0.500 0.000 568(7)
0.550 0.100 570(7)
0.625 0.250 578(8)
0.700 0.400 588(12)

Rb 0.333 ~0.333 619(6)
0.350 ~0.300 617(6)
0.375 —0.250 612(7)
0.400 —0.200 597(8)
0.425 ~0.150 576(10)
0.475 —0.050 575(10)
0.500 0.000 ~ 350

Cs 0.500 0.000 —

Pt /M
Im3m
Figure 3. (a) A schematic diagram of the structure of the anthgl type b.c.c. superionic phase
of (PbR)1—,—(MF), with x = 0.333. The cations BB and M are distributed over the, @, 0
and /2, 1/2, 1/2 positions. The preferredHocations within the tetrahedralf) and octahedral
(Foct) voids are shown. (b) illustrates a perovskite-structured phase of compositionsMiiti-
the two cation species ordered such that theddcupy the 12, 1/2, 1/2 positions (A sites) and
PE?* the Q 0, 0 positions (B sites). The anions are located at the sites labedlgd With the

tetrahedral ¢ positions empty. In the ideal case, the alternative set of octahedral sites labelled
Foct2 are also empty.
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cubic lattice parameter, a parameter describing the Gaussian width of the Bragg peaks and
coefficients describing a polynomial representation of the background scattering component.
This approach assumes no structural information concerning the high-temperature phase other
than its space group, which is taken to P@3m so as not to assunaepriori that the lattice

is body centred (i.e. cation disordered). As a result, this model provides a ‘best fit’ to the
experimental data and gives an indication of the value of the goodness-of-fit pargrheter
expected during subsequent fits which impose structural constraints during the least-squares
procedure. The values obtained are listed in table 2.

Table 2. Summary of the goodness-of-fit paramejérobtained by fitting the neutron data for

the (PbR)i1——(MF), systems using the structural models | to IV described in section 3.1. The
best fit is shown by underlining. The symb@l indicates that the fit was unstable and failed to
converge whilstx indicates a fit which is rejected because it gave non-physical values of the fitted
parameters (usually temperature factors and/or site occupancies less than zero). Symbols such as
—llc indicate that the fit converged with values of certain site occupancies zero or equal (within
error) such that the derived structure is equivalent to that described by a simpler model with fewer
variable parameters.

Structural model

None Cations disordered Cations partly ordered Cations ordered
Dopant Pm3m Im3m Pm3m Pm3m
Mt x | lla 1Ib lic Ila b Illc 1id IVa Vb Ve
K 0.333 0.98 5.87 4.57 .13 — O 330 x — — —
0.390 1.10 6.17 4.33 .17 — —lla 327 —lc — — —
0.500 1.07 7.17 4.01 .22 756 O 403 O 10.71 8.22 8.13
0.600 1.13 6.99 5.12 .25 744 —lla 318 O — — —
Rb 0.333 1.17 6.01 4.22 1.32 — 1.67 1.39 .2 — — —
0.350 1.09 5.13 3.80 1.37 — 188 .28 122 — — —
0.375 0.99 6.22 4.71 1.50 — 1.80 1B —lllc — — —
0.400 1.10 6.12 5.06 1.62 — 173 .22 —lllc — — —
0.425 1.20 771 6.11 230 — 162 .2 —lllc — — —
0450 1.11 7.02 582 212 —_ 177 19 O — — —
0.500 1.24 6.81 531 274 3.20 1.93 —llc  —llc 3.71 202 130
Cs 0500 1.04 6.12 8.070 —lla —lla —lla O 1.18 —IvVa —Iva

Model Il assumes there is no long-range order of either cation sublattice and the space
group is thenm3m. With reference to figure 3(a), the Pland K* are distributed randomly
over the 2(a) positions at 0,0 and %2, 1/2,1/2. The resultant body-centred-cubic cation
sublattice provides six octahedral cavities at the 6(b) positionst201/2 etc and twelve
tetrahedral interstices located at the 12(d) sites/dt @ 1/2 etc. These potential anion
positions are labelledf and R, respectively. Models Ila and Ilb constrain the anions to
randomly occupy the and Ry sites, respectively, whilst model Iic allows the occupancies
of the two sites#ie; andmoc) to vary independently. However, in all of the fits the total anion
content within the unit cell is constrained to be equal to the value determined by the dopant
concentratiornx (i.e. met + moct = 2(2 — x)). Model lic corresponds to the structural model
which has been found previously to best fit the diffraction data for the superionic phase of the
x = 0.333 sample [23].

Model Il considers the possibility of (at least partial) ordering of the two cation species
over the two sites in the unit cell. This corresponds to space giwupm, in which the
symmetry-independent sites are now 1(a),& @ and 1(b) at 12, 1/2, 1/2. The occupancies
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of these two sites are thus allowed to vary, with the constraints that both are always fully
filled and that the overall content of Pband K" equals the chemical composition given
by x. The reduction in symmetry fromim3m to Pm3m does not change the multiplicity
of the Ret positions, which become the 12(h) sitesxate, 1/2, 0 etc with the value of the
variable position parametef; = 1/4. However, the six octahedral sites form two symmetry-
independent threefold sets in 3(d) positions/&, D, 0 etc and in 3(c) positions at 0/2, 1/2
etc. These are labelleddn and R0, respectively (see figure 3(b)). In principle, the number
of structural models is increased, though the numbeliftérentconfigurations is reduced by
noting that the structure is topologically identical if we simultaneously swap the occupancies
of the both the 1(a) and 1(b) sites and the 3(d) and 3(c) positions. Thus, allowing the cation
distribution to vary completely over the 1(a) and 1(b) sites does not require us to separately
test models which useyk; and R, positions. Model llla places all the anions on thgF
positions and model b distributes the anions over thg Bnd R positions. In the former,
the number of available sites for anions requirgs;; < 3.0 and this model is thus only valid
for samples withx > 0.500. Models llic and llld are extensions of models llla and Illb
respectively, allowing a fraction of the anions to additionally occupy thebsitions.

Model IV can be considered to be a special case of the model 111, in which the cations are
constrained to be fully ordered over the 1(a) and 1(b) sites of space @waBp:. As such,
it is only appropriate for those samples with= 0.500. We place the smaller cation @p
at the 1(a) site at,®, 0 and the larger (K) in the 1(b) position at A2, 1/2, 1/2. As a result,
the Ryq1 interstices are larger than theg:f; ones (see below) and in model IVa only the former
are included. These anion sites are fully occupied and the ionic arrangement corresponds to
the ordered perovskite structure. In the usual notation for perovskite-structured compounds
of composition ABX, the larger A cation occupies the 1(b) site, the smaller B cation resides
in the 1(a) position and the X anions are at 3(d) sites. In models IVb and IVc the possibility
of a degree of disorder within the perovskite structure is considered, by allowing a variable
fraction of the anions to also occupyk and ke sites, respectively.

The values ofy? obtained by fitting the experimental data for the high-temperature
superionic phase of (Pbj_,—(KF), using models | to IV are listed in table 2. The data
for the x = 0.700 sample were not considered in any detail owing to the presence of the
second phase of possible composition PBKand unknown structure. In all other cases,
model lic is found to provide the best fit to the experimental data, in accord with the results for
thex = 0.333 case presented previously [23]. Model Il produced poorer or unstable fits to
the data, or tended to converge with parameter values essentially the same as those provided
by model llc. There is then no indication of even partial ordering of either cations or anions, as
might be expected intuitively given the apparent body-centred nature of the structure implied
by the diffraction data. Similarly, attempts to fit the data for the- 0.500 sample with the
fully ordered model IV proved unsuccessful. The results of the fits are given in table 2 and the
values of lattice parameterand the site occupanciese; andm o are illustrated in figures 2(b)
and 2(c), respectively.

3.2. (PbR)1_.—(RbF)

The impedance spectroscopy and neutron diffraction measurements of thi (RbfRbF).
system used samples with = 0.333, 0.350, 0.375, 0.400, 0.425, 0.475 and 0.500.
Representative data for the ionic conductivity are illustrated in figure 4. The data for
the x = 0.333 sample resemble that for its"{doped counterpart, though the superionic
transition occurs at a somewhat higher temperatufe ef 6196) K. With increasing dopant
concentrationy, the transition occurs at lower temperatures and is somewhat broader. In
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Figure 4. Variation of the ionic conductivity logyo  Figure 5. Variation of (a) the ionic conductivity lag o,

with temperature for (Pbfj;—,—(RbF) samples with (b)the cubic lattice parameteiand (c) the F occupancy

x = 0.333, 0.400, 0.475 and 0.500. of the tetrahedralret) and two octahedralfocts and
moct2) Sites versus RbF contentin (PbR)1——(RbF),.
The data all correspond to a temperature of 690(2) K.

addition, the value of the ionic conductivity above the transition decreases with increasing
x. These results are summarized in table 1 and figure 5(a). The samplewith500 behaves
somewhat differently to the others, with no evidence of a superionic transition in the region
T ~ 550-600 K. Instead, the sample has a relatively high ionic conductivity abd0é K.

A portion of the diffraction pattern collected for the= 0.333 sample over the temperature
range 295< T (K) < 690 s llustrated in figure 6. The abrupt change in the diffraction pattern
atT ~ 620 K is clearly visible, as the additional peaks observed at low temperature disappear.
This change is obviously associated with the abrupt jump(figure 4). Above the transition
the diffraction pattern is very similar to that observed in the (Phk—(KF), case, with the
~15 observed Bragg peaks indexed on a body-centred-cubic unit celh witd.7260(1) A.
However, inspection of the data collected for the samples.with0.333 illustrates a gradual
appearance of additional weak reflections at the ‘forbidden’ positionsiwitlt +1 = 2n.

This behaviour is illustrated for the case of the 111 reflection in figure 7. This observation
is indicative of the onset of ordering of either the cation or the anion sublattice (or both).
This intuition is borne out by the results of fitting the data collected at 690 K (table 2) which
show that the partially ordered model Ill provides the best fit to the data for samples with
0.333 < x < 0.500. This is true even in the case of the= 0.333 material where none

of the additional Bragg peaks indicative Bin3m are visible, though the improvement over
model llc is relatively small for the two lowest-cases. The preference for a least partial



Superionic phases in the (Pp_,—(MF), systems 5265

350_ T T T T T T T T T 280 ' : ' : ' : ' I '
- (PbF),,-(RbF), _
) I _0 33)(3 260 B (PbFz)]_.x-(RbFl(
2 300} = T | B ool
‘= 300 8 240 T=690K
5 6900 = .t |oo02
2 250 > 500
£ , o - Topee 111
o = B X
= L Y NN Q I L J\
< 2007 610 % 160 0.500
— M soof < °Uf
P o n 570 £ 140 S G T
3 _'-—ML-——MN.."JL.JL‘...55O S 120+
Q L (@] L J\ [=
O M 530 O o0 | 0.423
S 100 [ 5100 5 go [ Ao 0.40(
5 3 490 = 60 - L - 0.37d
% 501 470 2 I 513
g?g 40 o e 0.35¢
2 20 -
0 eIl 05 0"’.J.L.....”.0-335
20 22 2.4 26 28 3.0 22 24 26 28 30

d-spacing (A) d-spacing (A)
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of the (PbFR);—,—(RbF), sample withx = 0.333 with  from the (Pbk)1_.—(RbF). samples withx = 0.333,

temperature. The structural transition to the superioni®.350, 0.375, 0.400, 0.425, 0.450 and 0.500 at a

b.c.c.-structured phase At~ 620 K is clearly visible. ~ temperature of 690(2) K. The gradual appearance of the
111 reflection which is forbidden idm3m symmetry
with increasingr is illustrated.

occupancy of the tetrahedral sites is clearly observed and, with the exception of the case of
the x = 0.333 sample, model llic is favoured over model llIb indicating a preference for
occupancy of only one of the octahedral positions. The structural implications of these results
(listed in table 3) will be discussed in section 4.

The evolution of the diffraction pattern for the = 0.500 sample with temperature is
shown in figure 8. Unfortunately, difficulties in controlling the temperature of the furnace at
temperatures below400 K prevented studies from being made for the crucial temperature
range where the ionic conductivity changes rapidly (see figure 4). However, comparison of
the data collected at 295 K and 400 K illustrates that a structural change has taken place,
though the low-temperature material is characterized by both a broadening of the Bragg peaks
characteristic of the high-temperature phase and the appearance of additional weak reflections
that are also observed in the= 0.333 sample at room temperature. This implies that the
room temperature structure is related to that of the high-temperature superionic phase and that
the latter might be stabilized at ambient temperature by, for example, the addition of further
dopants or rapid quenching from high temperature. Further studies are planned to investigate
this possibility. Analysis of the data collected at 690 K shows that it is best fitted using model
IVc, in which the cations are fully ordered over the000 and ¥2,1/2,1/2 sites and the
anions are distributed over thg:fr and ke positions. The results are summarized in table 3.
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Table 3. The results of the fits to the neutron diffraction data for the gphk—(MF), systems.
The temperature factor®§ and site occupancies:{ are given for the best fit using the structural
model listed in the second column (see section 3.1 for a description).

Cation B site Cation A site
Dopant ‘Best’ at (0, 0, 0) at (2,1/2,1/2)
M*  x model Bg (A?)  Occupancies Ba (A?) Occupancies
K 0330 |lc 6.3(2) mpp = 0.667 =Bg mpp = 0.667
mg = 0.333 mg = 0.333
0.390 lic 6.5(2) mpp = 0.610 =Bg mpp = 0.610
mg = 0.390 mg = 0.390
0.500 lic 7.0(3) mpp = 0.500 =Bg mpp = 0.500
mg = 0.500 mg = 0.500
0.600 lic 6.4(2) mpp = 0.400 =Bg mpp = 0.400
mg = 0.600 mg = 0.600
Rb 0.333 lliid 5.9(7) mpp = 0.87(7) 5.3(6) mpp = 0.46(7)
mpp = 0.13(7) mgp = 0.54(7)
0.350 lllc 5.6(3) mpp = 0.97(3) 5.7(4) mpp = 0.33(3)
mpp = 0.03(3) mgp = 0.67(3)
0.375 lllc 5.8(2) mpp = 0.98(3) 5.9(3) mpp = 0.27(3)
mgp = 0.02(3) mgp = 0.73(3)
0.400 lllc 5.4(1) mpp = 0.96(3) 6.2(2) mpp = 0.24(3)
mpp = 0.04(3) mpp = 0.76(3)
0.425 lllc 5.3(1) mpp = 1.02(2) 6.6(2) mpp = 0.13(2)
mgp = —0.02(2) mgp = 0.87(2)
0.450 llic 5.2(1) mpp = 0.98(2) 5.9(1) mpp = 0.12(2)
mprp = 0.02(2) mpp = 0.88(2)
0.500 IVc 5.2(1) mpp = 1.000 7.0(2) mpp = 0.000
mpp = 0.000 mgp = 1.000
Cs 0.500 Iva 3.4(1) mpp = 1.000 5.8(1) mpp = 0.000
mcs = 1.000 mcs = 0.000
Fiet tetrahedral site &et1 octahedral site &2 octahedral site
Dopant ‘Best’ at(14,0,1/2) etc at (00, 1/2) etc at (¥2,1/2,0) etc
M* x model  Brtet (AZ) MF tet BFoct1 (AZ) ME octl BFoct2 (AZ) MFE oct2
K 0.330 |llc 10.4(3) 2.53(2) 8.7(6) 0.40(1) =BFoct1 =mMF octl
0.390 lic 9.7(4) 2.52(2) 8.4(5) 0.35(1) =BFoct1 =mME octl
0.500 lic 10.0(4) 2.52(2) 9.2(5) 0.24(1) =BFoct1 =MFoctl
0.600 lic 9.3(3) 2.36(4) 8.7(4) 0.22(2) =BFoct1 =mME octl
Rb 0.333 lliid 13.1(8) 2.42(7) 7.7(8) 0.81(7) =BFoct1 0.10(7)
0.350 lllc 14.3(7) 2.35(3) 7.6(6) 0.95(3) — 0.000
0.375 lllc 13.5(6) 2.15(3) 8.1(5) 1.10(3) — 0.000
0.400 lllc 13.7(7) 2.03(2) 7.5(4) 1.17(2) — 0.000
0.425 lllc 13.0(6) 1.75(2) 8.1(5) 1.40(2) — 0.000
0.450 llic 14.2(9) 1.52(3) 7.7(4) 1.58(3) — 0.000
0.500 IVc 13.0(8) 1.19(2) 9.0(4) 1.81(2) — 0.000
Cs 0.500 Iva — 0.000 9.4(2) 3.000 — 0.000

3.3. (PbR),_,—(CsF)

The binary phase diagram for the (Bbf= .—(CsF). system indicates the presence of a single
line phase at = 0.500 [32]. This observation is supported in this work, with deviations from
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x = 0.500 composition producing samples with an excess of eithes BbEsF as a second
phase. As such, there is no solid solution of the type observed in thg)(PbHKF), and
(PbR)1_,—(RbF), systems.

The temperature dependence of the ionic conductivityr the (Pbk);_,—(CsF). sample
with x = 0.500 is illustrated in figure 9. The material has a moderately high value aif
ambient temperature but its value does not increase rapidly with temperature and, in particular,
there is no transition to a superionic state observed Up+to700 K. The neutron diffraction
data collected with the = 0.500 sample at ambient temperature indicated that the material
was primitive cubic wittu = 4.8001(2) A, in accord with previous reports [32]. Data collected
atT = 690(2) K were fitted in the same manner as described in the previous two subsections,
with the values of? listed in table 2. The fitting procedure clearly indicated that the structure
of the material is described by model IVa, with an ordered arrangementb&Rt C$ and the
F~ arranged to completely fill the thregdy positions at 00, 1/2, etc. Subsequent refinements
of data collected at ambient temperature andl at 770 K, 820 K and 870 K illustrated that
the structure remains unchanged and there is no evidence of a superionic transition up to
T ~ 870 K. The melting point was confirmed to beZat~ 890 K, contrary to the previous
report which suggested a solid—solid phase transition at this temperature [32]. In support of
this finding, an x-ray diffraction investigation at high temperature showed such a structural
transition only in samples that had been exposed to moisture.

250 (PBF,),,-(RbF),
@ I x=0.500
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Figure 8. The evolution of the neutron diffraction pattern Figure 9. Variation of the ionic conductivity log,o

of the (PbR);_,—(RbF) sample withx = 0.500 with  with temperature for the (Pbl;_,—(CsF). sample with
temperature. The data collected at 295 K appear to = 0.500. For comparison, the behaviour of the fluorite-
be similar to those collected for the high-temperaturstructured purgs-PbF, (i.e.x = 0.000) material is also
superionic phase, though with broader peaks and trghown.

presence of additional weaker reflections.
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4. Discussion

4.1. Overview

The combined use of impedance spectroscopy and neutron diffraction techniques has
established the stability fields of the cubi@(3m or Pm3m) phases in the three binary systems
(PbR):_.—(MF),. For M = K*, the transition to the cubic phase occurd'at 520-590 K
and the high-temperature modification is superionic. This phase posges3essymmetry
and is stable as a single phase fram= 0.333 tox ~ 0.68, at which composition the
material becomes a two-phase mixture on further increase Bbr M = Rb", the transition
temperature is somewhat higherfat- 570-620 K; the high-temperature phase is superionic
with space grougPm3m and is stable from = 0.333 tox = 0.500. At compositions outside
this range the cubic phase coexists with a proportion ofRbk 0.333) or RbF(x > 0.500).
Lastly, for M = Cs" there is only a single line phase of compositioa= 0.500 which has a
modest value of ionic conductivity and adopts an ordered primitive cubic structure up to the
highest temperature measurdd<£ 870 K). Some modifications to the more complex binary
phase diagrams reported for (B . —(KF),, (PbFR)1_.—(RbF), and (Pbk),_,—(CsF). [32]
are required to reconcile our findings with the previous work. However, this process is made
difficult by the lack of agreement among the different authors concerning the ordered phases
present [31-33].

Within the superionic phases of the (B ,—(KF), and (Pbk);_,—(RbF), systems the
ionic conductivity does not vary significantly with temperature (see figures 1 and 4). This
feature is in accord with Rietveld refinements of the neutron diffraction data collected as a
function of temperature for the = 0.333 (M = K*), x = 0.333 (M = Rb") andx = 0.500
(M = Rb") samples. The diffraction data for the latter two cases are illustrated in figures 6 and
8, respectively. The results show no significant changes in the occupancies of the tetrahedral
and octahedral sites with temperature. However, itis clear that the dopant composition and the
dopant species have a more dominant influence on the nature of the thermally induced disorder
than temperature and we therefore discuss these in more detail in the following subsections.

4.2. (PbR)1_x—(KF),

With reference to figure 3(a), in the cation-disorderga$m) arrangement eachdrsite has
four nearest-neighbour (n.n.).Fsites at a distance/2a /4 and two more next-nearest-neigh-
bour (n.n.n.) . sites at a distance/2. If we consider the ionic radius of {rg- = 1.33 A
[34]) and the measured lattice parameter= 4.6755 A atT = 675 K), it follows that the
presence of an anion at one of thg Bites precludes the simultaneous occupancy of either the
n.n. or n.n.n. sites because their proximity is less than.2As a result, the maximum number
of F~ that can be accommodated within the unit cell on thedtes is three. However, the
x = 0.333sample hasr- = 2(2—x) = 3.333 and the ‘excess’ anions must be accommodated
at octahedral sites. These steric constraints are a direct consequence of the relatively large size
of the F~ (compared to P, which haspp- = 1.19 A [34]). In the b.c.c.-structured Agand
Cu* halide and chalcogenide superionics it is the smaller cation species which is mobile, such
that the occupancy of a tetrahedral site does not allow the n.n. sites to be filled but does allow
the n.n.n. ones to be occupied. It is then possible to accommodate six cations at tetrahedral
sites within the unit cell and occupancy of octahedral positions is not required in, for example,
a-Agl (mag- = 2) [24, 25] ory-Ag,Te (mag- = 4) [35, 36].

In the case of (Pbf}1_.—(KF),, this discussion provides a plausible explanation for the
variation of the high-temperature ionic conductivitythe unit-cell constart and the anion
occupanciesie; andm o versus K contente (shown in figure 2). Atthe highest concentration
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for which least-squares refinements of the diffraction data were performedQ(600), it is

clear that the proportion of anions residing og; Bites is lower than at = 0.333. On
decreasinge from 0.600 to 0.500, the (relatively low) occupancy of thg; Bites remains
essentially constant and the extra 0.2 anions per unit cell are predominantly accommodated at
the available [ sites. Since the occupancy of thg;Bites is less than three, this filling of
‘empty’ sites is not expected to expand the lattice significantly. Instead, the lattice canstant
falls over the range from = 0.700 tox = 0.500 due to the decreasing concentration of the
larger K' cations. Atx = 0.500, the occupancy of thegFsites saturates at; ~ 2.5. This

value is somewhat lower than the limiting value of three predicted by our simple argument
above but full occupancy of thedrsites could not be reconciled with the observed superionic
behaviour, because such a configuration would not allow hopping of anions to neighbouring
(empty) ke sites.

On further decrease in*Kcontent belowxr = 0.500, the additional anions are accom-
modated at octahedral sites. These sites are ‘unfavoured’ in that the octahedral coordination
is somewhat distorted with two anion—cation distances/@fand four ofa/+/2. The former
is less than both the two sums of the ionic raghi + rpp+ andre- + r¢+. As a result, a
tendency towards expansion of the lattice is expected (as observed), even if local short-range
ordering of the two cation species places two (smalled* Rib the two shorter distances.
Finally, it is interesting to note that the trend in the ionic conductivity follows that of the
Fiet 0OCCUpancy, suggesting that these sites play a central role in the rapid ionic diffusion. In
contrast, the presence of anions at the octahedral sites does not appear to be linked to high
ionic conductivity, possibly because their occupancy requires a degree of reorganization of
both the surrounding anion and cation sublattices (for a discussion of possible defect models,
see [23]).

4.3. (PbR)1-_,—(RbF)

The reductionin symmetry frothn3m to Pm3m is associated with the onset of cation ordering.

Itis clear from the results presented in table 3 that the §RbF(RbF), compounds locate the
dominant PB* species at the sites at@ 0 with the 1/2, 1/2, 1/2 positions occupied by the
entire R dopant content plus the remaining#”bin comparison with the (Pbl;_,—(KF),

case, this segregation of the two chemical species is presumably a consequence of their greater
size difference. The exception is the lowest-doping case 0.333) for which there is a small,

but significant, quantity of Rbat the Q 0, 0 positions. As such, this composition is tending
towards the fully random occupancy of the two cation sites observed in the KF-doped system.
This similarity is borne out in the distribution of the anions, which are predominantly located at
Fet Sites but with the remainder distributed unequally over thg Bnd R, positions. Indeed,

the relationship between the ordering of the two cation species and the occupancyff:the F
position is straightforward. If the Rand PB* segregate onto the 0,0 and 12, 1/2, 1/2

sites, respectively (as far as allowed by the chemical compositiogtif.500), then the §ip

sites have two of the smaller Pications as nearest neighbours and four of the largéraRb
next-nearest neighbours. ThesgFsites are clearly energetically favoured over thgfones

which have the larger cations at the shorter contact distance (see figure 3(b)). This intuitive
suggestion is supported by the fits to the neutron diffraction data which show no evidence
for the occupancy of the g, sites atr > 0.333. Instead, the tendency towards complete
segregation of Pb and R asx increases is accompanied by a change in the preferred anion
occupancy towards the octahedral rather than the tetrahedral sites. This can be interpreted as
a tendency towards a cubic perovskite-type arrangement. In common withi-thedéd case,

the ionic conductivity behaviour again mirrors the occupancy of theskes. However, the
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occupancy of the f; sites (which is, of course, a consequence of the cation segregation) is
less likely to influence the lattice parameter significantly arid then observed to increase
simply because the concentration of the largef Rhs increases.

4.4, (PbR);_.—~(CsF)

The trend towards ordered cubic perovskite-like structure observed in the){PBHRbF),
system asc increases is achieved in the case of (PbE—(CsF) with x = 0.500. This
composition can, therefore, be written as CsPloFexplicitly illustrate its relationship to an
ideal perovskite-structured compound of stoichiometry ABXhere is no superionic trans-
ition in this material up toI' = 870(5) K, with the neutron diffraction data providing no
evidence for even limited disorder of either the anion or the cation sublattice.

With reference to figure 3(b), it is clear that the cation environment surroundingethe F
site is irregular, comprising two Mand two PB*. The ionic radius of Cs(rce = 1.67 A[34])
is significantly larger than that of Riand K and the size difference betweert nd PB* is
greatest in the case of CsRbH his has the tendency to displace the centre of the tetrahedral
hole away from its ideal M, 0, 1/2 position towards the occupiedd site at Q0, 1/2. As
a consequence, the.fFsite can no longer be considered to be an isolated vacant site and the
absence of significantFoccupancy at these positions determined by the fits to the neutron
diffraction data can be readily understood.

The implications of these findings for the question of possible superionic behaviour within
perovskite-structured compounds are discussed in the following subsection.

4.5. Perovskite-structured superionics

In the case of the binary compounds such as Agl, Cul, CuBr andiédf is generally accepted
that superionic behaviour is favoured in those phases which have a b.c.c. sublattice formed
by the immobile (anion) species, rather than an f.c.c. one [2]. The justification lies in the
preferential occupancy of the mobile Agnd Cu at tetrahedral sites (rather than octahedral
ones) and the presence of six such sites per anion in the b.c.c. case and only two in the
f.c.c. case. On these simple grounds, ternary AB&mpounds which possess the perovskite
crystal structure should be promising candidates for exhibiting high-temperature superionic
behaviour because the A and B cations form a b.c.c. array. There are four tetrahedral sites
available per (mobile) anion, an important requirement in light of the evidence provided by
figures 2 and 5 that the ionic conductivityis highest for those compositions which have the
greatest occupancy of thefsites.

However, the ordering of the two cation species over il 0and %2, 1/2, 1/2 positions
and the resultant change in symmetry frém3m to Pm3m has important consequences. As
discussed in previous subsections, three of the sixdies (labelled F. in our notation)
become energetically unfavoured and the mean position ofghsités is displaced towards
the ‘favoured’ Fct; positions. The resultant structural picture tends towards essentially isolated
Foct1 Sites and implies that an ordered cation arrangement is unlikely to promote superionic
behaviour. This, in turn, suggests that high anion mobility only occurs if the two cation species
are of similar size. However, the latter criterion is at odds with the stability requirements of the
cubic perovskite structure. As discussed by Hyde and Andersson [37], the perovskite structure
is ‘overdetermined’ in that there is only one variable structural parameter, the cubic lattice
parameter:. The structure must, therefore, simultaneously meet the two bond-length criteria
ra +rx = a/~/2 andrg + rx = a/2, which imply thata is significantly larger thang. This
argument is the basis of the Goldschmidt tolerance fagter (ra + rx)/ﬁ(rB + rx) which
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predicts that the compound will adopt a cubic perovskite structurd8 + § > 0.95 and
a distorted version formed by cooperative buckling of the corner-sharingd@¥ahedra if
0.95> § > 0.75.

In summary, the requirements of superionic behaviour and the stability of the cation-
ordered perovskite structure appear to be conflicting. Clearly, this discussion is somewhat
speculative and we must be wary of generalization solely on the basis of the three
(PbR)1_,—(MF), systems discussed in this paper, particularly in view of the uncertain nature
of the experimental evidence for other compounds (see section 1). However, it is interesting
to note that of the four perovskite-related KBs compounds, superionic behaviour has been
reported for those with the lowest cation radius ratio (KQa&kh rg+ /rce+ = 1.65 and KZnk
With ri+ /rzpe+ = 2.21 [34]) and not for those with the highest (KMgWith ry+ /ryger = 2.28
and KMnF; with r¢+/ryne+ = 2.45 [34]). For comparison, the superionic phases Kfdoid
RbPbF; have corresponding values of 1.37 and 1.45, respectively, whilst G$RalsRa higher
value of 1.57.

5. Conclusions

The experimental work presented in this paper demonstrates the remarkable nature of the
compound Pbjand its important role in the study of the superionic state. In its pure state it

is the ‘best’ fluorite-structured superionic. Dopings with relatively low concentrations of
aliovalent cations (e.g. Kand Y?*) significantly enhance the ionic conductivity at room
temperature [5-7]. In the case of the monovalent cations, further doping forms the cubic
superionic phases described in this work. At the limit of high dopant concentrafiothe
(PbR)1_,—(KF), system, the high-temperature anion superionic phase is essentially an anti-
type to the cation-mobile-Agl and y-Ag,Te-type phases, with the majority of the mobile

ions undergoing rapid hops between the tetrahedral voids. In the case of{Cs®béperionic
behaviour is observed and the compound adopts a fully ordered perovskite structure up to the
melting point. As such, the (PbJ;_.—(MF), compounds with M= K*, Rb" and C$ clearly
illustrate the structural link between the archetypal b.c.c.-structured superionic phases and
the ternary compounds with the perovskite structure. It is hoped that this experimental work
will motivate further theoretical studies of systems of this type, including molecular dynamics
simulations, to probe the diffusion process at the ionic level.
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