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Abstract. Employing first-principles calculations, we have investigated the possible existence
of the ferroelectric instability in the G-type antiferromagnetic NaNiFs; and LiNiF3
fluoroperovskites. The behavior of the unstable modes, at the cubic high-symmetry structure,
is studied as a function of pressure. This study shows the vibrational landscape and define the
conditions to drive the ferroelectricity in these materials, where the A-site dominates the polar
instabilities.

1. Introduction

Ferroelectricity in perovskite oxides has attracted a huge interest going from fundamental studies
to technological and industrial applications. Nowadays, its significance is even stronger because
of the great challenge of finding materials that exhibits both ferroelectricity and magnetism
—AFM or FM orderings—, mostly observed in the highly electronic correlated systems, ABOs
perovskites. Thus, the latter have been considered as the most attractive and promising
candidates [1]. Interestingly, Scott and Blink have recently pointed out that multiferroism
and magnetoelectricity can also be widely found in the leaved aside fluoride-based materials
[2]. Examples of these systems recently studied are the multiferroics based-on Barium-fluorides
BaMF, (M = Mn, Fe, Co, Ni) [3] that present a quasi-2D layer-by-layer structural octahedral
arrangement. More recently, we demonstrated the existence of this multiferroic/magnetoelectric
state in BaCulFy with a larger Neel temperature, making of it a close-to-room temperature
functioning system [4]. In the same direction, NaMnF3 was theoretically predicted [5, 6] and
experimentally corroborated to be multiferroic under strain conditions [7].

Despite these efforts, ferroelectricity has been analyzed only in a few number of fluoride
compounds with a remaining need for novel ferroelectrics. Thus, as one of the aims of our work
is to explore and analyze possible polar ferroelectric instabilities in magnetic perovskite fluorides.
In these systems, the physical phenomena such as superexchange interaction, stabilization
of octahedral-tilting, and possible multiferroic or magnetoelectric behavior is still unclear.
According to our previous discussion, we carried out a research, using first-principles calculations,
on NaNiFg and LiNiF3 fluoroperovskites in order to explore the possibility to include these
materials as a new multiferroic.
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2. Computational Details

Our density functional calculations of the electronic and structural properties were performed
using the VASP code [8, 9]. PAW [10] pseudo-potentials were used to represent the valence and
core electrons. The electronic configurations —for valence and semicore electrons— taken into
account in the pseudo-potentials are Li (1s%2s!), Na (2p®3s!), Ni (3p®3d%4s?), and F (2s%2p°).
The exchange correlation was represented within the GGA - PBEsol parametrization [11]. The
magnetic character of these systems was included by the spin in the calculations by making
the proper use of the exchange correlation (LSDA+ U). Due to the large d-electron localization,
we corrected the high correlation by means of the DFT+ U method [12] (GGA+U, U = 4 €V,
J =0 eV), with a U value converged. The periodic solution of these crystalline structures
was represented by using Bloch states with a Monkhorst-Pack k-point mesh of (8x8x8) and
700 eV energy cut-off, which has been tested already to give forces convergence to less than
0.0001 eV/A and an error in total energy around 4+ 0.4 meV in all of the tested compound.
Additionally, vibrational modes were fully converged with respect to energy and k-points mesh
to obtain values in an error less than 1 cm™!. Full phonon-dispersion curves were computed by
calculating the dynamical matrix from the 2x2x2 supercell and mapped to the unit cell. The
dynamical matrices and Born effective charges were obtained through the DFPT formalism [13]
as implemented in VASP and post-processed with the Phonopy code [14].

3. Results and Discussion

In our previous studies [5], we demonstrated that the polar mode instability is present in several
fluoroperovskite compounds. Nonetheless, this polar character disappears at the ground state
and only non-polar structures remain. Therefore, the tuning and stabilization of such polar
mode is crucial for the ferroelectricity survival. One way to achieve that is by understanding the
vibrational behavior as a function of pressure. Therefore, we computed the phonon-dispersion
curves at the cubic Pm3m high-symmetry structure and analyzed the behavior of the modes as
a function of pressure. Interestingly, in NaNiF3, we found a total suppression of FE instability
as a function of external pressure as shown in Figure 1. In Figure 1 is presented the squared
frequency for all the unstable modes as a function of external pressure.
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Figure 1. Behavior of FE and R-point instabilities as a function of hydrostatic pressure for
NaNiFs.

The total suppression of FE-instability at I" is appreciated for strains above -2% with respect
to the cubic relaxed lattice parameter. Additionally, the same behavior was observed for one
of the instabilities located at R-point. The suppression of these instabilities is clearly different
than those observed in other NaBF3 compounds previously discussed in Ref [5]. We noticed
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that for this case, Ni posses the smallest ionic radii in comparison with all others compounds
that belong to the fluoroperovskites family in Ref. [5].

Figure 2 depicts the eigendisplacements as a function of hydrostatic pressure for three of polar
modes at the zone-center I'-point including the FE-instability. For this mode, no transition or
considerable change in eigendisplacements were observed. While for the others two modes, a
quasi-constant dependence was observed. Then, no anomalous trend responsible for transition
of FE-mode was appreciated.
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Figure 2. Figendisplacements for all polar modes in NaNiFs.

In order to understand this behavior, we also analyzed the Born effective charges, Z*, as a
function of strain. A decrease of Z* for Ni and F ions was observed at high expansion strain
values going from 2.21 e~ (in expansion) to 1.65 e~ (in compression) and -1.84 e to -1.44 e~ for
Ni and F respectively. A small fluctuation in the Born effective charges values are appreciated
close to the eigendisplacements transition pressure. Up to this point, the previous results can be
related to a different covalence bonding nature evidenced by the deviations in Z*. Nonetheless,
further studies are needed to find the origin of this out-of-trend behavior.

As we observed in our previous fluoroperovskites studies [5], the ionic A and B site radii size
have a direct influence in the FE-instability. On the other hand, for the LiNiF3 compound,
we also computed the phonon-dispersion curves at the Pm3m structure and extracted the
information about the zone-boundary and the polar I' modes respectively. From the theoretical
analysis carried out, the LiNiF3 compound was chosen due to its higher FE-instability, w = 2244
cm~!. This compound presents a relaxed cubic lattice parameter of 3.87 A and its ferroelectric
instability is higher than AFD-modes, 2147 cm™!, 1667 cm™!, 213i cm ™!, and 190i cm~! for R},
R;, X;, and M:}f respectively. This observation explains why a stable ferroelectric ordering is
observed at the relaxed ground state structure, where a R3c crystal symmetry type —like in
LiNbO3— is expected, as also suggested in Ref. [15]. Figure 3 shows the instability analysis of
the phonon modes as a function of strain at the Brillouin zone-center and boundary zone. For
strain values lower that -3% of the relaxed volume, the FE-instability shows the highest frequency
value, even for the positive strain regime. However, below -4% the AFD-instability becomes the
dominant one in the vibrational landscape for this compound. The eigendisplacements for the
FE-mode as a function of strain (see Figure 3) show an A-site dominated mode at the relaxed
structure. For hydrostatic pressure, below the unconstrained volume, the influence of A-site
decreases non-linearly and the mode begin to be dominated by B-site displacement. A sign
change of the eigendisplacements was found at high strain of around -7%. This behavior is
similar such as the one observed previously in NaBF3 [5].
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Figure 3. Squared frequency at the vibrational instabilities. We can observe the FE-
mode at I' and AFD-modes at R-point as a function of hydrostatic strain for LiNiFs (left).
Eigendisplacements of FE-mode instability in LiNiF3 are also shown (right).

Finally, when comparing NaNiF3 and LiNiFg, it can be clearly observed that geometric
conditions, based-on the A-site ionic radii, control the ferroelectricity appearance in these
fluoroperovskites. Here, a polar ground state could be achieved for the smallest Li A-site
compound, but is forbidden, and even the polar instability is suppressed by pressure, in the
Na A-site case.

4. Conclusions

We have studied, by means of first-principles calculations, the possible existence of a polar
phase as a ground state in the NaNiF3 and LiNiF3. We observed a suppression of FE instability
for NaNiF3 as a function of pressure. However, it was not found a considerable change in
the mode eigendisplacements with pressure. The compound LiNiF3 reveals a predisposition to
ferroelectric behavior with a strong FE-mode instability in comparison to the others instabilities
at the zone boundary in the phonon-dispersion. Then, the model for an A-site geometrically
driven ferroelectricity in fluorides is corroborated. To expand the knowledge of this compound,
future work can be focused in the understanding of the possible coupling between the FE-mode
and the G-type AFM magnetic structure in LiNiF3 exploring the multiferroic/magnetoelectric
phenomenon of this compound.
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