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Abstract—The f luorine ion mobility in Pb0.8M0.2F2 and Pb0.75M0.2K0.05F1.95 (M = Ca, Ba) solid solutions
with f luorite structure under normal conditions was calculated using classical molecular dynamics.
It was shown that isovalent substitution of lead atoms by calcium atoms in a lead f luoride crystal
increases the mobility of f luorine ions, while a similar substitution by barium atoms decreases it. Het-
erovalent substitution Pb → K naturally increases the f luorine ion mobility in the Pb0.75Ca0.2K0.05F1.95
and Pb0.75Ba0.2K0.05F1.95 solid solutions.
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INTRODUCTION
Fluorine-conducting solid solutions based on lead

fluoride (obtained, in particular, by mechanochemi-
cal synthesis [1, 2]) are promising materials with a
superhigh f luorine ion conductivity, which can be
used in various electrochemical devices, including f lu-
orine-ion batteries [3–6]. It is known that lead(II) f lu-
oride may crystallize in two different modifications at
different temperatures and pressures: orthorhombic
(cotunnite structure) and cubic (f luorite structure).
The f luorite structure determines the high mobility of
anions, for example, in alkaline-earth f luorides,
lead(II) f luoride, as well as zirconia and ceria (ZrO2,
CeO2). The problem of stabilizing the f luorite struc-
ture under normal conditions is generally solved by
isovalent or heterovalent doping of similar crystals.
At the same time, doping of lead f luoride with het-
erovalent or homovalent fluorides may increase the ionic
conductivity of the resulting materials to 10–3 S/cm at
room temperature [7–11]. Doping of PbF2 f luoride
with alkaline-earth f luorides (CaF2, SrF2, BaF2)
forms a f luorite structure of solid solutions under nor-
mal conditions, and heterovalent doping increases the
fluorine ion mobility [1, 12, 13]. Among such systems,
the Pb0.95K0.05F1.95 solid solution with the f luorite
structure has the highest ionic conductivity (σ =
3.55 × 10–3 S/cm) at 300 K; at the same time, it is not
stable enough at this temperature and gradually trans-
forms into the cotunnite structure with a lower ionic
conductivity [14]. The large amount of experimental

studies of the materials based on lead f luoride stimu-
lates further research into the nature of new com-
pounds at the atomic and molecular levels in order to
gain a detailed understanding of the mechanisms of
ion transport in these materials.

The molecular dynamics (MD) method is effi-
ciently used [15–18] to carry out computer simulation
of multiparticle systems. Having analyzed the change
in the particle coordinates and velocities in time in a
modeled system, one can study in detail the dynamic
processes and structural features of the modeled
object. In this simulation, it is important to choose
appropriate interatomic interactions for comparing
with experimental physical and chemical data and
predicting specific properties.

The MD simulation of the ion mobility in β-PbF2
lead(II) f luoride shows [19–26] that the f luoride sub-
lattice disordering facilitates the high mobility of f luo-
rine ions, while the lead sublattice remains relatively
stable [20, 21]. For lead f luoride doped with strontium
and potassium fluorides, detailed information about
the motion of f luorine ions could be obtained at the
atomic level; it turned out to be in full agreement with
the experimental data [19, 26].

In this study, the processes of ion transport and
structural properties of solid solutions in the
Pb0.8M0.2F2 and Pb0.75M0.2K0.05F1.95 systems, where
М = Ca, Ba, were studied using the MD method.
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EXPERIMENTAL
The computation of the f luorine-ion mobility in

the Pb0.8M0.2F2 and Pb0.75M0.2K0.05F1.95 (M = Ca, Ba)
solid solutions was performed using the Materials Stu-
dio software package and the GULP classical molecu-
lar dynamics module. The calculation parameters
were as follows: NVT ensemble, temperature range
300–1000 K, simulation time 100 ps, integration
step 1 fs.

At the first stage, a computational cell of the β-PbF2

crystal with a cubic f luorite structure (sp. gr. Fm m)
was constructed, with a size of 6 × 6 × 6 unit cells hav-
ing periodic boundary conditions, and a cube side
length of 3.56 nm. The computational cell sizes were
chosen to be optimal, taking into account the available
computer resources: further increase in the cell barely
affected the calculation results, whereas the calcula-
tion time disproportionately increased. Then the lead
atoms were randomly replaced with Ca or Ba atoms
and with K atoms, according to the stoichiometry of
the studied solid solutions; the numbers of atoms in
the modeled systems are listed in Table 1.

A very important role in modeling the force field of
ion crystals is played by atomic charges, which were
calculated using the density functional theory
method, implemented in the DMol3 module of the
Materials Studio software package (with the Perdew–
Burke–Ernzerhof (PBE) functional (the generalized
gradient approximation (GGA) functional), the
Dynamic Nuclear Polarization (DNP) atomic basis,
version 4.4, charge estimation according to the Mul-
liken scheme); the charge values were found to be q =
–0.9|e| for F, q = 1.8|е| for Pb, Ca, Ba, and q = 0.9|e| for
K (e is the electron charge). The short-range action
was modeled using the Buckingham potential with the
atomic parameters calibrated based on the equilibrium
geometry of dopant f luoride crystals.

The mobility of atoms was determined using their
mean square displacements (MSD):

where N is the number of particles in the system, ri(t0)
is the position vector of a particle i at the instant t0, and
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ri(t0 + Δt) is the position vector of the particle i after
a time step Δt.

The ion diffusion coefficients D were calculated
from the Einstein relation:

The structure of the local environment of ions in
the modeled cell was studied using the radial distribu-
tion function (RDF):

where  is the density of a-type particles in
a spherical layer at a distance r from the b-type refer-
ence particle, and ρ is the density of a particles in the
system.

RESULTS AND DISCUSSION

Structural characteristics. Figure 1 shows as an
example the RDF of the Pb0.8Ca0.2F2 solid solution for
the anionic and cationic subsystems. It can be seen
that all simulated phases form a f luorite-type lattice at
300 K, which is evidenced by the positions of the max-
ima for the first and second coordination spheres.
With increasing temperature, the curve g(r) does not
change qualitatively, but the f luorine-ion subsystem
becomes disordered, which manifests itself in smooth-
ing out and disappearance of the far-field peaks, while
for the cation subsystems this effect is less pro-
nounced.

Transport properties. Figure 2 shows the results of
calculating the MSDs of F and Pb ions in crystals of
the Pb0.8M0.2F2 and Pb0.75M0.2K0.05F1.95 (M = Ca, Ba)
solid solutions at temperatures of 600 and 1000 K.

It can be seen in Fig. 2 that the mobility of cations
is very low: their diffusion coefficient does not exceed
10–10 cm2/s up to 1000 K. In solid solutions where lead
atoms are replaced with calcium atoms, the MSDs
(and, therefore, mobility) of f luoride ions increase
significantly as compared to pure β-PbF2, whereas the
mobility of f luorine ions decreases when lead atoms
are replaced with barium atoms. Doping Pb0.8M0.2F2
(M = Ca, Ba) solid solutions with a heterovalent sub-
stituent, potassium, increases the mobility of f luorine
atoms, which confirms the trend of change in the
transport properties of heterovalent solid solutions,
being consistent with the experimental data [27].

Table 2 contains the values of the f luorine diffusion
coefficients in β-PbF2 and Pb0.8M0.2F2, Pb0.75M0.2K0.05F1.95
(M = Ca, Ba) solid solutions at different temperatures,
which were calculated using Eq. (2).

The diffusion activation energies Ea were found
from the temperature dependences of DF in the high-
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Table 1. Numbers of atoms in modeled cells

Modeled system F Pb М K Number 
of atoms

β-PbF2 1728 864 0 0 2592

Pb0.8M0.2F2 
(M = Ca, Ba)

1728 702 162 0 2592

Pb0.75M0.2K0.05F1.95 
(M = Ca, Ba)

1674 648 162 54 2538
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Fig. 2. RMS displacements of F– and Pb ions in crystals of Pb0.8M0.2F2 and Pb0.75M0.2K0.05F1.95 (M = Ca, Ba) solid solutions
at temperatures of (a) 600 and (b) 1000 K: (1) β-PbF2, (2) Pb0.8Ca0.2F2, (3) Pb0.8Ba0.2F2, (4) Pb0.75Ca0.2K0.05F1.95, and
(5) Pb0.75Ba0.2K0.05F1.95.
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temperature region (Fig. 3), according to the Arrhe-
nius equation:

where D0 is the pre-exponential factor.
The increase in the diffusion activation energy in

the studied solid solutions is qualitatively consistent
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 

а
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k

(except for the Pb0.8Ba0.2F2 composition) with direct
experimental data on measuring the conductivity [27]
(Table 3).

To explain the changes in the mobility of f luorine
atoms at homo- and heterovalent doping of lead f luo-
ride, we will consider in more detail the first peaks of
the RDF functions presented in Fig. 4.

Fig. 1. Radial distribution functions for the Pb0.8Ca0.2F2 system at (a) 300 and (b) 1000 K.
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In the Pb0.8Ca0.2F2 solid solution, the average inter-
atomic distance between fluorine and calcium atoms
(1.80 Å) is smaller than the distance between f luorine
and lead atoms (2.39 Å), which creates a larger volume
of free space after the displacement of f luorine atoms
towards calcium atoms and thus increases the possibil-
ity of anion migration. This effect is not observed in
the Pb0.8Ba0.2F2 solid solution. In addition, due to
their large size, barium atoms hinder the formation of
“free” space, thus weakening the migration of f luorine
atoms. When heterovalent potassium atoms are intro-

duced into the Pb0.8Са(Ba)0.2F2 matrix, vacancies of
fluorine atoms are formed in the Pb0.75Ca0.2K0.05F1.95
and Pb0.75Ba0.2K0.05F1.95 solid solutions; they serve
local compensators for the missing charge in the cat-
ion motif, increasing the mobility of f luorine atoms.
Thus, the experimentally observed changes in the
ionic mobility of f luorine atoms in the studied solid
solutions are described well at the atomic level using
the MD method; correspondingly, they may have pre-
dictive importance for the synthesis of new solid elec-
trolytes with preferential conduction via f luorine ions,

Table 2. Diffusion coefficients of f luorine atoms in β-PbF2 and Pb0.8M0.2F2, Pb0.75M0.2K0.05F1.95 (M = Ca, Ba) solid solu-
tions at 300–1000 K, arranged in order of increasing diffusion

Calculation 
temperature, K System DF, cm2/s

Calculation 
temperature, K DF, cm2/s

300 Pb0.75Ba0.2K0.05F1.95 4.13 × 10–7 600 2.38 × 10–6

Pb0.8Ca0.2F2 5.96 × 10–7 3.30 × 10–6

Pb0.75Ca0.2K0.05F1.95 7.54 × 10–7 4.11 × 10–6

800 β-PbF2 8.43 × 10–7 1000 2.55 × 10–5

Pb0.8Ba0.2F2 8.89 × 10–7 2.30 × 10–5

Pb0.75Ba0.2K0.05F1.95 5.61 × 10–6 2.84 × 10–5

Pb0.8Ca0.2F2 1.43 × 10–5 2.85 × 10–5

Pb0.75Ca0.2K0.05F1.95 1.57 × 10–5 3.13 × 10–5

Fig. 3. Temperature dependences of the f luorine diffusion coefficient (DF) for (1) β-PbF2, (2) Pb0.8Ca0.2F2,
(3) Pb0.8Ba0.2F2, (4) Pb0.75Ca0.2K0.05F1.95, and (5) Pb0.75Ba0.2K0.05F1.95. The numbers at the curves indicate the diffusion
activation energies.
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based on lead f luoride with different homo- and het-
erovalent dopants.

CONCLUSIONS

The dynamic and structural properties of the
Pb0.8Ca0.2F2 and Pb0.8Ba0.2F2 solid solutions with f luo-
rite structure, based on lead f luoride, were calculated
using the MD method. It was shown that the effect of
isovalent doping with Ca and Ba atoms preserves the
fluorite structure; at the same time, the introduction
of Ca increases the f luorine ion mobility, while the
introduction of Ba decreases it. The heterovalent
replacement of lead with potaccium atoms naturally
increases the f luorine-ion mobility in the
Pb0.75Ca0.2K0.05F1.95 and Pb0.75Ba0.2K0.05F1.95 solid solu-
tions due to the additional vacancy disordering of the
fluorine sublattice.
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