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Abstract. We present the results from constanl-pressure constant-temperature molecular 
dynamicssimulationson the fluoride-perovskites: KMnF,, KZnF, and KCaF,3. These simu- 
lations lead 10 the predictions that KMnF., and KZnF, are not superionic conductors while 
KCaF,showslimitedsuperionic behaviour wit h a  diffusioncoefficientof5,D X 1Wh cm2 S K I  

(o = 0.145 6L-l cm-') and T, = 0.93 7,. However. these results are only qualitative since 
the use of the rigid-ion model resulted in simulated temperatures above the experimental 
melting points. 

1. Introduction 

The electrical conductivity of fluoride-perovskites has been studied using a number of 
experimental an'd theoretical methods, including NMR [I], neutron scattering [2], ionic 
conductivitystudies [I, %5] and moleculardynamics(~~)simulation [6]. Someof these 
studies have focused on fluoride-perovskites as structural analogues for the mantle- 
forming mineral (Mg, Fe)SiOrperovskite [Z, 4,6]. (Mg, Fe)Si03-perovskite is thought 
to be the dominant phase in the Earth's lower mantle [7] and hence accounts for 
approximately 40% of the Earth by volume. However, studies of this material under 
lower mantle conditions (P = 2C-135 GPa; T = 200&3000 K) are very difficult, and 
alternative approaches such as simulation and analogue studies have been used. Earlier 
MD studies of MgSiOrperovskite show that i t  may be a superionic conductor (i.e. it 
exhibits ionic conductivity comparable in magnitude with that observed in  the molten 
salt) at high temperatures and pressures[S, 91. Such high-temperature and high-pressure 
behaviour would have important implications for geological theories of the creep of the 
mantle and the generation of the Earth's magoetic field [5, IO]. However, recent ionic 
conductivity experiments by Li and Jeanloz [11-13] were unable to detect any type 
of conductivity in MgSi03-perovskite. The study by Peyronneau and Poirier [lo] of 
conductivity in this material led to a different cbnclusion. Extrapolation of their elec- 
tronic'.conductivity ' measurements to mantle conditions predicted conductivity. 
Additionally the).&dd nor rule ou t  a possible conttibutionfrom superionicconductivity 
and hence there is still much controversy surrounding this silicate-perovskite, 

Superionicconductivity has been associated with a phase change [I41 or 'melting'of 
asublattice [15]. In the caseoffluoride-perovskites, thisis thought to be due to theonset 
of a high fluoride mobility a few hundred Kelvin below their melting points. This 
phenomenon is normally ascribed to the melting of the fluoride sublattice but is more 
accurately described asaconcerted hopping motion. The most widelystudied superionic 

0953-8984/92/082097 + 12 $04.50 0 1992 IOP Publishing Ltd 2091 



2098 

conductor in which the fluoride sublattice has a high mobility is CaF,. It has been 
extensively modelled by MD [6,16-181 and consequently it can be used as a bench mark 
for MD codes. Thus we have simulated CaF2 to confirm the reliability of our approach. 

The aim of this work is to use MD and lattice dynamics to look for superionic 
conductivity in the fluoride-perovskites: KMnF,, KCaF, and KZnF,. KMnF, was cho- 
sen because we believe it not to be a superionic conductor, whereas NMR relaxation 
studies and ionic conductivity measurements have shown that superionic conductivity 
occurs in KCaF,several hundred Kelvin below its melting point 111. Finally, KZnF, was 
chosen because of the controversy which surrounds this material. Measurements of the 
Conductivity and viscosity led Poirier er al [5] to claim that KZnF, is a superionic 
conductor. The onset of superionic conductivity was associated with a marked decrease 
in the viscosity. This result, however, was contradicted by the ionic conductivity 
measurements of Anderson er ai 131, and by the neutron scattering work of Ridou et 
a1 121. 

The theoretical methods used to investigate the perovskites are described in the next 
section. 

G W Watson et a1 

2. Theoretical methods 

The two methods used in this work for modelling solids at finite temperatures and 
pressures are lattice dynamics and MD.  Our lattice dynamics approach uses the quasi- 
harmonic approximation, in which the lattice vibrations are considered to be a series of 
quantized harmonic oscillators, the frequency of which vary with the unit-cell volume 
[26]. This approximation is strictly only valid at temperatures well below the melting 
point when anharmonic effects are not important. MD treats the anharmonic effects 
explicitly and is therefore valid up to and beyond the melting point. MD is the main 
technique used in this paper and is described in more detail in the next section. 

3. Molecular dynamics technique 

The MD technique was developed in the 1950s to study liquids [19], but it has been 
extensively used to study ionic crystals, and especially their superionic conductivity 
[6, 16-18). 

The method consists of treating a box of N ions and solving Newton’s laws of motion 
over a finite time period via an iterative process. Initially the ions are assigned random 
velocities such that 

2 m,ui(0) = o m,[u,(O)]* = 3NkBT 

where N is the number of ions in the simulation box, ks is the Boltzmann constant and 
Tis the simulation temperature. 

Theforcesactingon the ionsare described by the interatomicpotentials, in thiscase 
a full charge interaction with a short-range Buckingham potential of the form 

where qi and qj are the charges of ions i and j separated by a distance r;, and A ,  p and C 
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are potential parameters. Thus the forces on any one ion can be calculated and the new 
velocity and position calculated for an infinitely small time step by solving Newton’s laws 
of motion: 

Fi( t )  = m;a,(t) 

r i ( t  + dr) = r;(t)  + U;(/) dt 

ui(f+ dt) = u;( t )  + ai(t) dt. 

However, using finite time steps, these expressions are inadequate; in this study a fifth- 
order predictor corrector method due to Gear [20] was used. 

The choice of dr in these simulations is also important. If dt is too large, lattice 
vibrations can occur within the time step, leading to gross errors. If dt is too small, the 
simulations will exceed the computer time available. In this set of calculations a time 
step of 

A further constraint imposed by the availability of computer time was that onIy the 
trajectories of about 1000 particles are considered explicitly. A periodic boundary 
condition is applied to eliminate the effect of the surface. The box is surrounded by 
images of itself such that, if a particle leaves the box, it re-enters on the opposite face 
with the same trajectory. This imposes an artificial repetition of the crystal lattice and 
removes the possibility of forming Schottky defects spontaneously. Such defects must 
therefore be set up in the initial box by the removal of ions. We felt that it was important 
to perform simulations on cell containing these defects to investigate their effect on the 
superionicconductivity andmelting points. Frenkel defectscan still form spontaneously. 

The first stage of MD simulations is to allow the system to come to equilibrium at the 
simulation temperature before any data are collected. This was achieved by scaling runs 
of between 4000 and 5000 time steps (4-5 ps) in which the velocities of the ions were 
periodically scaled to the simulation temperature. Additional scaling was performed on 
those systems in which large temperature fluctuations, greater than 50 K,  were still 
found, and on those systems close to the simulated melting point. Data were then 
collected during runs of between 2000 and 5000 time steps (2-5 ps). Additional longer 
simulations were performed on those systems in which superionic conductivity was 
predicted, and on those systems which were close to the simulated melting point. 

During all these simulations the constant-pressure constant-temperature MD tech- 
nique was used. Constant-pressure MD [21] allows a dynamic change in both the lattice 
vectorsand theangleswith time. Constant-temperature ~D[22,23] places thesimulation 
box in contact with a heat bath, this contact being distributed throughout the system. 
Energy is free to transfer into or out of the simulation box and this has the effect of 
keeping the system at constant temperature but still allows for localized changes where 
potential energy is transferred to kinetic energy. This method thus uses an isobaric- 
isothermal ensemble (P, T ,  N ) .  

The data from MD that we have used to study atomic transport are the mean square 
displacements (MSD) and the radial distribution functions (RDF). The MSD represents the 
average displacement of an ion type from its initial coordinates, given by 

s was used, allowing simulations of about 10‘” s (10 ps). 

This is calculated periodically and, if no increase in MSD is observed with time, the 
atoms are merely vibrating about their mean lattice sites. If the MSD of one ion type 
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increases with time, then diffusion of that ion type is indicated. The diffusion coefficient 
D, is the gradient of the graph of the hlsD with time: 
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( r i )  = 6D,t + E, 
where E, is the Debye-Waller factor. From the diffusion coefficient it i s  possible to use 
the Nernst-Einstein equation to estimate the conductivity 

U =  N q 2 D , / f k B T  

where N is the density of charge carriers per unit volume, q is the charge on the charge 
carrier, D, is the tracer diffusion coefficient.fis a correlation factor, k ,  is the Boltzmann 
constant and T i s  the temperature. The correlation factorfdepends on the diffusion 
mechanism and the lattice structure and allows for the fact that successive jumps of the 
tracer may be concerted whereas those of the defect are random. This is usually between 
0.5 and 0.8 but has been set to unity for this purpose since we wishonly to establish the 
order of magnitude of the diffusion. 

The RDF provides a measure of the long-range order in the crystal lattice. This gives 
the ensemble average for the number of ions of type A at a given distance from a central 
ion of type B. 

The simulated melting points were determined by the use of the MSDS. We consider 
the crystal to have melted when all sublattices show an increase in MSD with time. Such 
temperatures were determined by heating the simulation in steps of 50 K until this 
occurred. At this point an additional simulation was performed to heat the system 
rapidly to melting, to confirm that the temperature was independent of the rate of 
heating, within the limitations of computer CPU time. 

4. Potentials 

The short-range potential parameters for CaF, [24]. KZnF, and KMnF, [2S] were 
chosen because of their proven ability to reproduce both the pure and the defect lattice 
properties and energies. Additionally, the potentials for KZnF, and KMnF, model the 
phonon dispersion curves well [25] .  The potential for KCaF, was obtained by combining 
the potentials developed for CaF, and the potassium-fluorine interaction from KMnF, 
and KZnF,. 

The interatomic potential for the fluorine-Ruorine interaction, common to all the 
systems, was a spline potential. Complementary lattice dynamics studies show dis- 
continuities in some of the crystal properties with increasing volume. Thus, we fitted the 
spline potential to a Buckingham form by using a least-squares fitting procedure. The 
fitted potential givesexcellent agreement with the spline potential for fluorine-Ruorine 
distances above 2.3 A. 

The potassium-fluorine interaction, common to all three fluoride-perovskites. was 
also fitted to remove~thc - D / r K  term. 

An important limitation of the MD technique is that only rigid-ion models can be 
considered, i.e. no account was taken of the electronic polarizability. The full valence 
charges were thus placed on the ions and were summed using the Ewald method. The 
potential parameters thus derived are shown in table 1 ,  

The potential parameters for Kh.lnF3 and KZnF3 once the shell model is removed 
look similar. Therefore, a series of free-energy minimizations was carried out, with and 
without the shell model, using the computer code PARAPOCS [26]. The results of the 
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Table 1. Interatomic potential parameters. 

2101 

A 
Interaction (eV) 

C 
(eV Ah) 

F-F 99731 833.990 0.120 13 17.02423 
Ca-F 1272.800 0.29970 0.00 
K-F 
Zn-F 

2674.306 0.28352 30.27393 
1655,530 0.265 16 0.00 

Mn-F 1654.780 0.27591 0.M) 

I 
2w m Mx) XIW IWI 

Tempenrure (Kelvin) 

Figure 1. Variation in lattice constant with 1empera;ure for KMnF, and 
model: +, rigid-ion model; x excludingzero-point energy 

KZnF3: *,shell 

change in lattice constant with temperature are shown in figure 1. These indicate that 
the rigid-ion potentials faithfully reproduce the structure of these systems, which gives 
us confidence in using both potentials to investigate the structural behaviour with 
temperature. In addition the figure shows the effect of including explicitly the zero-point 
energy. This leads to lattice expansion, which is not treated in most staticminimization 
or MD. The lattice constant neglecting the zero-point energy is also shown. 

5. Molecular dynamics simulation of CaF, 

CaF,, a well established superionic conductor, has been extensively modelled by MD [6, 
16-18] and thus simulation of this system was considered to be a suitable test of confirm 
the reliability of our approach and potentials. CaF, was simulated in an MD box of 768 
ions with four unit cells in the X, Y and Z directions. Pure systems, i.e. systems without 
defects, were investigated first. 



2102 G U' Watson et a1 

At 300 K. no superionic conductivity is predicted. indicated by a constant MSD with 
time (figure 2). The RDFS (not included) show well defined peaks, indicating that the 
extensive long-range order of the crystal is preserved. 

At 1600 K,  an increase in MSD of the fluoride ions with time is observed, while the 
calcium ions remain on their lattice sites. indicating superionic conductivity (figure 3). 
The RDFS show the loss of long-range order of the fluoride sublattice while the calcium 
sublattice retains its long-range order. 

. .. , - . , . I 

Figure 2. htsD piof for CaF, at 3W K. Figure3.MSDplotfOrCaF,at IboOK. 

Schottky defects were created by removing one Ca and two F ions from the MD 
supercell to introduce vacancies. These vacancies were placed as far apart as possible. 
Simulations of the defective CaF, produced results almost identical with those of the 
pure systems. The melting points for CaF2 were also identical, 2200 K? in comparison 
with the experimental value of 1696 K [3]. The problem of elevated melting points is 
discussed later. 

The diffusion constant calculated from the MSD (1.9 x 10-scmts-') shows good 
agreement with the values obtained by Rahman [17] (2.6 x 10-Scm2s-') and by 
Cheeseman and Angel [6] (2.5 x 10-'cm2s-'). Using the Nernst-Einstein equation 
our diffusion coefficient corresponds to a conductivity of 0.944 L 2 - I  cm-l. This is in 
good agreement with the ionic conductivity measurements of O'Keeffe [ 2 1  
( U =  1.0 L2-' cm-') and the calculated value of Cheeseman and Angel [6] (a = 
1.2 5 2 - I  cm-I). The modelling of CaF, has thus shown that the MD technique employed 
in this study is suitable for investigation of superionic behaviour. 

The next section describes the simulations performed on the fluoride-perovskites 
KhlnF,, KZnF, and KCaF,. 

6. Molecular dynamics simulation of KMnF,, KZnF, and KCaF3 

The starting ionic coordinatesfor the M D  were obtained from free-energy minimizations 
at 300 K using the computer codes PARAPOCS [26]. This predicted a cubic structure 
for KMnF, and KZnF3, and an orthorhombic structure for KCaF,. consistent with 
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FigureS. ( a )  MSD plot for KMnF, at 2275 K. (b) Fluorine-fluorine RDF of KMnF, at 2275 K. 

experimentalobservations (25,281. The MD simulations were then carried out on an MD 
box of 1280 ions with four orthorhombic unit cells in each of the X, Y and Z directions. 

Once again both pure and defect simulations were performed. The defects in the 
latter case were K and F ion vacancy pairs (pseudo-Schottky), because they represent 
the lowest-energy defect [25]. The results were found to be almost independent of the 
introduction of the defects. 

The MSDS of all three systems (with defects) at 300K show no increase with time 
(KCaF, is shown in figure 4). The RDFS of all the systems are very similar except for the 
F - F R D F ~ ~  KCaF, whichshowsmorestructure becauseofitsorthorhombicspacegroup. 
All show that the extensive long-range order is preserved. These results indicate that no 
diffusion occurs in any system at 300 K. 

On simulation at elevated temperatures, KMnF3 and KZnF3 show no increase in the 
MSD of fluoride ions with time to within 50 K of the MD melting temperature. These 
conclusions are demonstrated by figure 5(a) (KMnF, at 2275 K) and figure 6(a) (KZnF, 
at 2200 K). The accompanying F-F RDFS (figures 5(b) and 6(b)) show the onset of the 
loss of long-range order associated with the approach of the melting point. 

KCaF;,however,showsanincreasein~sowithtime 150 Kfromits~omeltingpoint 
(2100 K). The hlSD at 1950 K, shown in figure 7(a), results in a diffusion coefficient of 
5.24 X cmz s-' and a conductivity U of 0.145 C 2 - I  cm'l. The diffusion coefficient 
increases rapidly with increasing temperature and at 2100 K (figure 8) has a value of 
1.48 x 10-5s-' (o  = 0.393C2-' cm-'). 
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Figure 6. ( a )  MSD plot for KZnFi at 2200 K. (b) Fluorine-fluorine RDF of KZnF, at 2200 K .  
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Flgure'l. (a) MSD plot for KCaF, at 1950 K. (b) Fluorine-fluorine n ~ F o f  KCaF, at 1950 K. 

The F-F ~ ~ 2 0 5 0  K (figure7(b)) indicatesthe breakdownof the Ruorinesublattice, 
while the potassium and calcium sublattices show long-range order. However, the RDF 
is misleading since the F-F RDF for both KMnF, and KZnF3 also show a breakdown in 
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TableZ. Comparison of pure and defect simulation melting pointswith experimental values. 

Melting point of the system (K) 

System Pure Defect Experimental 

KMnF, 2450 2350 ? 
KZnFl 2600 2250 1143(5) 
KCaF, 2100 2075 ? 

Figure9. Formationofa vacancyV andan interstitial 
pair. 

Flgure 10. Concerted hopping motion of two fluoride 
ionsshowing the migrationofavacancyVin0.35 ps. 

the fluorine sublattice, although no superionic conductivity is predicted. The RDF is, 
therefore, not considered a good predictor of superionic conductivity. 

One area in which the defect and pure simulations did not agree was in the melting 
point. Table2shows theMD melting point sfor the threesystemsfor bothpure anddefect 
structures in comparison with the experimental values where available. 

7. Mechanism of fluoride ion diffusion in KCaF, 

A trajectory analysisof the KCaF, system at 1950 K was performed using Insight I1 [29]. 
Coordinates and velocities were collected and stored every 25 fs for later analysis. 

The motions of the fluoride ions were animated to study their diffusion mechanism. 
The formation of vacancies was observed to occur by the production of fluoride pairs 
occupyinginterstitials around a lattice site (figure 9). Vacancies were observed to have 
lifetimes as long as 0.75 ps. 

These vacancies move through the system by hopping of the fluoride ions, often in 
correlated motion, involving between one and five ions. An example of a two-ion 
correlated hop is shown in figure 10, which took 0.35 ps to occur. 

The mechanism thus postulated is that of a vacancy mechanism with partially cor- 
related hopping of the fluoride ions across the edges of the fluoride octahedra. 

8. Discussion 

Our MD simulations predict only the rapid diffusion of fluoride ions in KCaF,. No 
indication of superionic behaviour is apparent in the other perovskites up to 50 K below 
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Figure 11. Temperature of the breakdown of the quasi-harmonic approximalion using rigid- 
ion andshell models. 

theirsimulated meltingpoints. Thisindicatesagooddegreeof sensitivity of the technique 
since these results were obtained usinga common set of potentials. However, the melting 
points obtained are in excess of the experimental values. 

Previous MD studies have also predicted melting points in excess of the experimental 
observations [14]. This problem may arise because of a number of shortcomings of the 
technique. Firstly, at present MD only considers rigid-ion models because of the limits 
of computer time. However, the dielectric constant of a material is very sensitive to 
polarizability and the removal of the shell model results in a lower dielectric constant. 
For very simple systems, it is possible to refit the potentials to reproduce the dielectric 
constant; for more complex systems this becomes difficult and has not been done for the 
fluoride-perovskites. A lower dielectricconstant results in an overestimate of the defect 
energies compared with those produced by the shell model 1301. This will result in a 
reduction in the relative stability of the melt because of its defect structure, leading to a 
higher melting point. This argument can also be extended to the onset of superionic 
conductivity. The movement of fluoride ions generally occurs by a hopping mechanism; 
the activation energy is  dependent on the dielectric constant. Thus both the melting 
temperature and the temperature at which superionic conductivity occurs should be 
raised to  a similar degree by the use of a rigid-ion potential. 

This argument issupported by simulationsperformed using the lattice dynamicscode 
PARAPOCS [26] .  Simulation of KZnF, was undertaken using the same potentials as 
used in the MD, but with and without the shell model. The result of the change in lattice 
constant with temperature is shown in figure 11. The use of the shell model leads to a 
lattice instability (breakdown of quasi-harmonic approximation, preceding melting) at 
a lower temperature than the rigid-ion model and hence results in the prediction of 
elevated melting points with the use of a rigid-ion model. 

Secondly, the use of a periodic boundary condition eliminates all surfaces. Solids are 
known to melt from the surfaces and their absence from the simulation will modify this 
process. Intuitively it can be said that, if meltinginitiallyoccursat asurface, the absence 
of such a surface would lead to a higher activation energy of melting and a higher 
predicted melting point. 

It is thus our belief that, although the onset on superionic conductivity in KCaF, was 
above the experimental melting point, the result isqualitativelyvalid, since both melting 
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and superionic conductivity are affected to a similar degree by the use of a rigid ion 
potential. 

The scale of the superionic behaviour (U = 0.145 W1 cm-') is less than that of CaF, 
(U = 0.944 Q-'cm-')andoccursacrossamuchsmaIler temperaturerange, T, = 0.93Tm 
and T, = O.73Tm for KCaF, and CaF2, respectively. It would therefore be harder to 
detect superionic conductivity in KCaF, experimentally. 

The defective and pure systems produced melting points at different temperatures. 
It is thought that the removal of an ion will result in lower defect energies around the 
vacancy. This will encourage the production of defects, leading to a lower melting point. 
The reason why the superionic conductors did not show a reduction in melting point was 
that such defects were already forming below the melting point and thus the introduction 
of defects had little effect. 

9. Conclusions 

Our simulations predict that KCaF3 is a superionic conductor, in agreement with the 
NMR studies of Chadwick et a1 (1). The mechanism postulated from trajectory analysis 
is that of a locally correlated vacancy mechanism. 

We have also concluded that KZnF, is not a superionic conductor, in contradiction 
to the results of Poirier er d [ 5 ]  but in agreement with those of Anderson et af [3] and 
Ridou et a1 [Z]. Our results also show KMnFj not to be B superionicconductor. 

Additionally we have shown by the use of both MD and lattice dynamics that the shell 
model is vital to obtaining properties such as superionic conductivity and melting points 
at temperatures close to the experimental values. The lattice dynamics simulations 
indicated the extent of the change in melting and superionic conductivity temperature 
whenconvertingfromashellmodel toarigid-ionmodel. We thus feel thatit isimperative 
to develop MD codes which incorporate the shell model, even though this will cause the 
codes to be even more computationally expensive. 
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