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First-principles periodic density-functional theory calcula-
tions suggest ternary fluorides LiMgF3, NaCaF3 and LiNiF3
should adopt the ferroelectric LiNbO3 structure at low
temperatures; LiMgF3 and LiNiF3 are predicted to have
negative enthalpies of formation from the binary fluorides.

There remains intense interest in the search for new ferroelectric
materials.1 In particular, lithium niobate is one of the most
technologically relevant ferroelectric oxides because of its
remarkable optical anisotropy,1 large spontaneous polariza-
tion,2 and electro-optical and nonlinear optical activity.3 In
parallel, solid inorganic fluorides are playing increasingly
important roles in areas ranging from novel glasses to thin-film
solid electrolytes.

A surprisingly unanswered question is the absence of
ferroelectric AMF3 systems, analogous to LiNbO3. Why is there
apparently no fluoride analogue of lithium niobate? We have
thus carried out a set of periodic ab initio calculations to address
the question of the thermodynamic stability of ternary fluorides
AMF3 and whether they might be ferroelectric. We consider
here (i) the set of compounds AMF3 (A = Li, Na, K; M = Mg,
Ca), which includes, for validation purposes, several known
systems (cf. an earlier molecular mechanics study4). These are
NaMgF3, KMgF3 and KCaF3. Recently, thin films of metastable
NaCaF3 with a perovskite structure have also been synthesized
by pulsed laser deposition,5 (ii) LiNiF3, which is unknown and
which we have included for purposes of comparison with
LiMgF3 bearing in mind the similar size of Mg2+ and Ni2+.

The first-principles DFT6,7 calculations were carried out
using (i) plane waves and (ii) periodic numerical atomic
orbitals, as implemented in the CASTEP8 and SIESTA9 codes
respectively. In either calculations the generalized-gradient
approximation (GGA) to DFT was used, and the exchange-
correlation functionals of Perdew–Wang10 and Perdew–Burke–
Ernzerhof11 were used respectively in CASTEP and SIESTA
calculations. Only valence electrons are considered explicitly,
the core electrons being replaced by suitable pseudopotentials:
in the CASTEP and SIESTA calculations use was made
respectively of the ultra-soft Vanderbilt potentials,12 and norm-
conserving scalar pseudopotentials,13 factorised in the Klein-
man–Bylander form.14 Full details of the pseudopotential
generation, energy cutoffs, basis sets and other technical details
are available in the ESI.†

Possible structures for the AMF3 fluorides fall into two
classes:

(i) the first class comprises perovskite structures found when
A is large enough for the formation of close-packed layers AF3.
The simplest such structure is the well-known cubic perovskite
structure in which AF3 layers are cubic close packed. The larger
univalent ion is 12-coordinate and the divalent ions 6-coor-
dinate. An ‘inverse perovskite’ structure, in which the univalent
and divalent cations exchange positions is also observed, as for
BaLiF3

15 when the 2+ ion is larger than the 1+. When the A
cation is too small to touch the anions in the cubic structure, the

M–F–M bridges linking the MF6 octahedra bend and such
orthorhombic perovskites are common.

(ii) The second class of structures arises when A and M are
the same size and the size is suitable for octahedral coordina-
tion. In these both cations are 6-coordinate. Examples are the
lithium niobate (Fig. 1) and ilmenite structures, both of which
contain hexagonally packed anion layers. They differ solely in
the distribution of the cations between the octahedral holes.

For each AMF3 system we have used first principles periodic
DFT calculations to determine the energies and corresponding
optimised lattice parameters and basis atom positions for each
of these possible structures: cubic, orthorhombic, ‘inverse’
cubic, ‘inverse’ orthorhombic, lithium niobate and ilmenite. For
each system the predicted low temperature phase (i.e., that with
the lowest energy) is listed in Table 1. Structural parameters and
atomic positions for all optimised structures are given in the
ESI.†

Where experimental data are available (marked with an
asterisk) the predicted structures are those observed at low
temperatures, Table 1 lists optimised lattice parameters ob-
tained using SIESTA (CASTEP results are similar — see ESI†).
The agreement between computed lattice parameters and
experimental values where available is good. Typical errors are
≈ 1–3 %.

Three compounds in which the univalent and divalent cations
are of comparable size, LiMgF3, NaCaF3, and LiNiF3 are
predicted to adopt the lithium niobate structures. We have
therefore calculated the enthalpy of formation, DH, of these
three systems from the corresponding binary fluorides. For
LiMgF3 and LiNiF3 the values of DH are negative (218 kJ
mol21 and 212 kJ mol21 respectively). For NaCaF3, a positive
value is obtained (+40 kJ mol21). Of course, experimental
synthesis of LiMgF3 and LiNiF3 from the binary fluorides could

† Electronic supplementary information (ESI) available: CASTEP and
SIESTA calculations. See http://www.rsc.org/suppdata/cc/b3/b309000k/

Fig. 1 Predicted low-temperature ferroelectric LiMgF3 crystal structure,
isomorphous with LiNbO3.
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lead to phases with compositions different from those con-
sidered here. For the known fluorides considered in this work,
we obtain negative enthalpies of formation for the orthorhombic
perovskite NaMgF3 (230 kJ mol21) and the cubic perovskite
KMgF3 (253 kJ mol21). Experimental data for comparison are
scarce; a recent experiment reports a value of 216 kJ mol21 for
the enthalpy of formation of NaMgF3

16 at room temperature
from the binary fluoride. For LiCaF3 and KCaF3 small positive
enthalpies of formation are obtained (+4 kJ mol21 and +14 kJ
mol21 respectively).

Finally we turn to the question of ferroelectricity in those
systems predicted to adopt the LiNbO3 structure at low
temperatures. The change of polarization in solids can be
computed by means of the geometric Berry phase approach,19

implemented in the SIESTA code within the periodic first-
principles DFT formalism20. For the lithium niobate phases of
LiMgF3 and NaCaF3 we computed the total change in
polarization per unit volume — spontaneous polarization —
DPz = Pz

(1) 2 Pz
(0) along the c axis, using the model shown in

Fig. 1. The Li/Na and Mg/Ca atoms are displaced along c from
the more symmetric (high temperature) paraelectric phase (1)
(in which the 1+ ions are three-fold coordinate and the 2+ lie in
the centre of the MF6 octahedra, midway between adjacent F
planes) to the lower symmetry (lower temperature) ferroelectric
phase (0) respectively. The details of these calculations can be
found in the supplementary information. The first-principles
DFT computed spontaneous polarization calculations using the
geometric phase approach yield values of 0.33 C m22 and 0.27
C m22 for LiMgF3 and NaCaF3 respectively; for comparison
similar computations on LiNbO3 give 0.85 C m22, in good
agreement with the reported1 experimental value of 0.70 C
m22.

We thus suggest the ternary fluorides LiMgF3, LiNiF3 and
NaCaF3 should adopt the lithium niobate structure at low
temperatures. The Li compounds are predicted to have negative
enthalpies of formation from the binary fluorides and LiMgF3
and NaCaF3 are predicted to be ferroelectric. It is hoped that an

experimental study of these compounds is stimulated by the
present work.
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Junquera with the polarization calculations is gratefully ac-
knowledged.
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Table 1 First-principles DFT calculated low-temperature phases and optimised lattice parameters (Å) in AMF3 compounds (SIESTA values). * denotes
compounds for which experimental crystallographic data are available. Experimental lattice parameters are shown in parenthesesa

Ion M

Mg2+ Ca2+ Ni2+

Li+

LiNbO3

a = 5.296
b = 5.296
c = 14.168

Orthorhombic Perovskite (Inverse)
a = 5.381
b = 5.966
c = 7.616

LiNbO3

a = 5.208
b = 5.208
c = 14.019

Ion A Na+

Orthorhombic Perovskite*
a = 5.482 (5.350)
b = 5.726 (5.474)
c = 7.844 (7.652)

LiNbO3

a = 5.869
b = 5.869
c = 15.429

K+

Cubic Perovskite*
a = 4.066 (3.989)
b = 4.066 (3.989)
c = 4.066 (3.989)

Orthorhombic Perovskite*
a = 6.013 (6.164)
b = 6.256 (6.209)
c = 8.628 (8.757)

a NaMgF3
17 KMgF3

18, KCaF3.17
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