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In this study we show from first principles calculations the possibility to induce multiferroic and
magnetoelectric functional properties in the Pnma NaMnF3 fluoroperovskite by means of epitaxial
strain engineering. Surprisingly, we found a very strong non-linear polarization-strain coupling that
drives an atypical amplification of the ferroelectric polarization for either compression or expansion of
the cell. This property is associated with a non-collinear antiferromagnetic ordering, which induces
a weak ferromagnetism phase and makes the strained NaMnF3 fluoroperovskite multiferroic. The
magnetoelectric response was calculated and it was found to be composed by linear and non-linear
components with amplitudes similar to the ones of Cr2O3. These findings show that it is possible
to move the fluoride family toward functional applications with unique responses.

PACS numbers: 75.85.+t, 31.15.A-, 71.15.Mb, 75.50.-y, 77.65.-j

The search for new and innovative materials with
promising multifunctional multiferroic (MF) properties
has been one of the keystones of condensed matter re-
search in the last decade [1, 2]. Several systems and com-
pounds based on oxide perovskites have been reported as
ideal candidates. In these systems, even in the absence of
a ferroic order at the bulk level, physical constrains such
as biaxial epitaxial strain in thin films can be used to
artificially induce a ferroelectric (FE) order [3]. This has
been successfully performed in paraelectric crystals such
as SrTiO3 [4] or CaTiO3 [5]. A similar mechanism has
been reported for magnetic perovskites [6–8], and thus
exceeding the so-called d0-ness rule that is expected to
prevent the formation of a FE phase in magnetic per-
ovskites [9]. However, the possibility for new materials
with MF properties in new stoichiometries away from the
easily polarizable oxides is still evasive. Scott and Blinc
have reported several other possible and unexplored MF
and magnetoelectric (ME) candidates in fluoride crys-
tal class of materials [10]. Nonetheless, none of the re-
ported fluoride candidates belong to the most claimed
perovskite family. Recently, we have shown that even
if none of the fluoroperovskites is reported with a FE
ground state (except CsPbF3 [11, 12]) they have never-
theless the propensity to have a FE instability in their
high symmetry cubic reference structure [13]. We have
identified that the FE instability of the fluoroperovskites
is related to a steric geometric effect when small cations
lie at the A-site. The later is at the origin of the mech-
anism reported in rare-earth compounds (e.g. RGaO3,
RInO3 [14]), double-perovskites (e.g. La2NiMnO6 [15])
and “ferroelectric metals" (e.g. LiOsO3 [16, 17]) involv-
ing a A-site dominated effect, but it is different to the
A-site stereochemically active lone pair origin observed
in some oxides (e.g. PbTiO3 or BiFeO3) oxides and to
the phonon mode coupling origin present in improper
and hybrid-improper FE [18]. Unfortunately, these fluo-
roperovskites keep the “undesired” competition between

the FE and antiferrodistortive (AFD) instabilities such as
the AFD dominate in the bulk ground states. Interest-
ingly, and similarly to the oxides, we have shown that by
applying epitaxial strain, FE orders in fluoroperovskites
can be induced. Therefore, this observation opens a new
path to discover novel ferroelectrics of geometric origin
in ionic crystals. In this paper, we explore from first-
principles the properties of strain-induced ferroelectric-
ity and multiferroism in NaMnF3 and find breakthrough
differences with the oxides. Interestingly, we show that
the geometric origin of the ferroelectricity drives unique
responses such as a non-linear strain-polarization cou-
pling that is associated with a very strong second order
piezoelectric response and a non-linear ME effect. We
also predict a very strong spin-canting in the antiferro-
magnetic NaMnF3 crystal that drives a sizeable ferro-
magnetic component and thus making strained NaMnF3

a good MF candidate. All of that shows that engineering
ferroelectricity and multiferroism in the fluoroperovskite
class of materials is very appealing to discover unexplored
multifunctional properties with unprecedented responses.

We used Density Functional Theory (DFT) within the
PAW [19] method as implemented in VASP [20, 21] . The
exchange correlation was represented within the GGA
by the PBEsol parameterization [22] and corrected with
the DFT+U method [23] (U = 4.0 eV) in order to treat
the localised d electrons of Mn. The periodic solution
of these crystalline structures was represented by us-
ing Bloch states with a Monkhorst-Pack k -point mesh of
6×4×6 and 700 eV energy cut-off, which give forces con-
verged to less than 1 meV·Å−1. The spin-orbit coupling
(SOC) was included to simulate the non-collinear calcu-
lations [24]. Born effective charges and phonon calcula-
tions were performed with DFPT [25] as implemented in
VASP. The FE spontaneous polarization was computed
through the Berry phase approach [26]. The ME cou-
pling was obtained by computing the spontaneous po-
larization as a function of the applied Zeeman magnetic
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field as implemented by Bousquet et al. [27] within the
LDA approach [28]. We have evaluated the ME response
against the U and J parameters of the DFT+U method
(see supplemental material) and found that besides am-
plitude modifications, the global qualitative picture stays
the same and it is thus much less dramatic than what has
been reported in Ref. 29.

NaMnF3 crystallizes in the Pnma (group No. 62)
structure at room conditions. Within our DFT calcu-
lations we obtained relaxed cell parameters a0 = 5.750
Å, b0 = 8.007 Å and c0 = 5.547 Å in good agreement
with experimental reports by Daniel et. al. [30] with a
maximum error of 0.2%. This non-polar ground state is
coming from the condensation of AFD modes and anti-
polar displacements of the Na atoms such as the FE in-
stability observed in the cubic phase [13] is suppressed
by the AFD ones. Thus, the competition between FE,
anti-polar displacements and AFD distortions monitors
the Pnma phase but the balance between them is deli-
cate in the case of NaMnF3 since we still find a very soft
B2u polar mode at 18 cm−1. This means that the Pnma
phase is very close to be FE and thus close to be an in-
cipient ferroelectric [31]. This property can be verified
experimentally.

Ferroelectric Behavior in Strained NaMnF3.— In FE
oxides it is well known that the epitaxial strain can induce
ferroelectricity in the Pnma phase [5, 8] or enhance it in
FE compounds such as PbTiO3 or BiFeO3 [3, 6]. Here
we show that a similar strain engineering ferroelectricity
can be used in NaMnF3. We suppose a cubic perovskite
substrate (ac) as the source of the strain by imposing to
the Pnma crystal a = c =

√
2ac. We choose the 0%

strain reference to be ar = (a0+c0)/2 with a0 and c0 the
unstrained relaxed cell parameters of the Pnma phase
and defining the strain amplitude by ε = (a− ar)/ar. In
this configuration the soft B2u mode is polarized perpen-
dicular to the biaxial strain (i.e. along the orthorhombic
b-axis).

In Fig. 1a we plot the evolution of the B2u mode fre-
quency with respect to the epitaxial strain. Unexpect-
edly, we see that the B2u mode becomes unstable what-
ever the value of the epitaxial strain, in compression or in
expansion. This means that for any value of the epitaxial
train, NaMnF3 has a FE instability. When condensing
different amplitudes of this mode we have the double well
plotted in 1c, which shows that for either positive or neg-
ative strain amplitudes, the FE double well is amplified.
When performing the structural relaxations, we indeed
find a FE ground state with the Pna21 space group (No.
33) for all strain values. Then, the ground state of epi-
taxially constrained NaMnF3 is always FE and thus MF
due to the magnetically active Mn+2 cation. The strain-
induced ferroelectricity in Pnma perovskites is well es-
tablished in oxides [4, 5, 8] and can thus be extended to
the fluoride family but with the following striking differ-
ences. The first one is that the polarization is enhanced

FIG. 1. (Color online) a) Frequency of the polar B2u unstable
mode of Pnma NaMnF3 with respect to the epitaxial strain
(imaginary frequencies are represented as negative values). b)
B2u mode eigendisplacements contributions of each atomic
type (Na in green squares, Mn in purple circles and F⊥, F‖ in
upper and down gray triangles respectively). c) Energy versus
freezing-in amplitude of the B2u mode for 0%, +5% and -
5% strain values, which shows that expansion or compression
enlarge ferroelectricity.

for positive or negative values of the strain while in oxides
the relationship is linear, in such a way that if one direc-
tion of strain enhance the FE polarization, it reduces and
destroys it on the opposite direction [3]. A second dif-
ference is that the polarization develops in the direction
where the anti-polar motions of the Na atoms (X+

5 mode)
are absent. This property is related to the geometric ori-
gin of the polar instability in fluoroperovskites. The Na
is strongly unstable due to the loss of bonding of this
small cation in a large unit cell. This loss of bonding is
relaxed by the motion of the Na away from its high sym-
metry position through polar or anti-polar motions. In
the Pnma phase this is done through anti-polar motions
along the a and c directions but along the b direction the
loss of bonding is still present and it is the source of the
softness of the polar B2u mode along the b direction.

To understand the origin of these unusual FE re-
sponses, we analysed the eigendisplacements (ηb) changes
of the unstable mode B2u under epitaxial strain (see Fig.
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1b). We can see that the Na contribution is reduced
when going from positive to negative values of the strain
while it is the opposite for the Mn atom, the fluorine
contributions being unchanged in the same range. This
means that the change of mode frequency is related to the
change in the eigendisplacement pattern from Na domi-
nated to Na+Mn dominated.

Ax

Fy

Ax
Ax

Py

NaMnF3
Gz Ax Fy + Py

a) b)

FIG. 2. (Color online) a) Evolution of the polarization along
b-axis of Pna21 NaMnF3 with respect to the epitaxial strain.
A unusual non-linear polarization strain coupling is observed
and can be associated to a non-linear piezoelectric response.
b) Schematic view of the Pna21 NaMnF3 structure in which
Na, Mn and F ions are depicted in green, violet and grey
respectively. The non-collinear magnetic ground state (large
arrows going through the Mn), direction of the cantings as
well as the electric polarization along the b-axis are also pic-
tured.

In Fig. 2 we report the evolution of the polarization
versus the epitaxial strain. Here again, we observe an
unusual and outstanding polarization/strain coupling in
which the non-linear contribution dominates the linear
one. This can be expressed in terms of the strain, piezo-
electric constants and polarization as follows:

Pµ =
∑
j

eµjεj +
1

2

∑
j,k

Bµjkεjεk (1)

where Pµ is the spontaneous polarization (with µ = 1,
2, 3 for the cartesian components x, y, z respectively), εj
(j = 1, 2,...., 6 as the components of the tensor in Voigt
notation) is the strain tensor and eµj , Bµjk are the lin-
ear and quadratic piezoelectric coefficients respectively.
The computed linear piezoelectric coefficients e21, e23,
e22, e16, and e34 at 0% strain are equal to 1.010, -0.672,
0.064, -0.108, and 0.058 C·m−2 respectively and are not
far from the ones observed in BaTiO3 [32, 33]. From the
quadratic fitting observed in Fig 2, we can extract that
the overall non-linear contribution related to the sum of
the Bµjk components and we found it to be about 60%
of the linear piezoelectric constants (eµj). This large
non-linear piezoelectric response is very unique to the
steric geometric origin of the ferroelectricity. In order to

check this hypothesis, we have plotted the polarization
vs. strain for another steric geometric FE compounds
(BaCoF4) and for regular FE (BaTiO3) and improper
FE (PbTiO3/SrTiO3 superlattice) systems (see supple-
mental material). Interestingly, the strong non-linear po-
larization/strain coupling is only observed for the steric
geometric FE crystals, which confirms that this property
is unique to geometric FE systems and promises thus to
enlarge the small family of non-linear piezoelectrics such
as the zinc-blende semiconductors [34].

Non-collinear magnetism and ME coupling in Pna21
NaMnF3.— In the following section, we analyse the mag-
netic properties of the strained NaMnF3. The possible
allowed magnetic orderings and couplings were obtained
based on group theory analysis [35], which we report in
Table I. We note that in the Pna21 phase, whatever is the
magnetic state adopted by the system, spin canting and
ME responses are allowed by symmetry. Experimentally,
it has been observed in the Pnma phase a predominant
G-type AFM behavior with spin canting driving a weak
magnetization along b-axis [36]. Our non-collinear cal-
culations give the same non-collinear magnetic ground
state with a marked G-type AFM along the c-axis, A-
type AFM canting along the a direction and a ferromag-
netic canting along the b direction (AxFyGz in Bertaut’s
notation). In the strained Pna21 phase we do not ob-
serve a magnetic transition, implying that the system al-
ways remains in the GzAxFy non-collinear ground state.
The ferromagnetic canting gives a magnetization of 0.02
µB/atom, which is one order of magnitude larger than
the one found in CaMnO3 (0.004 µB/atom [8]).

The related magnetic point group (m’m’2 ) of the
AxFyGz magnetic ground state, allows for linear and
non-linear ME response [37] while the energy expansion
can be written as:

Pi = αikHk +
1

2
βijkHjHk + γjikHjEk (2)

where Pi is the spontaneous ferroelectric polarization
along each particular cartesian axis (i = x, y and z),
Hk is the applied magnetic field along the k axis and αik
and βijk/γjik are the linear and non-linear ME tensor
components respectively.

TABLE I. Allowed magnetic orderings and ME response in
the D2h point symmetry group [38, 39] of the Pna21 phase.

Magnetic Pna21

Ordering Character linear ME second order ME
Cx, Gy, Fz A2 αyz, αzy βijk, γjik
Ax, Fy, Gz B1 αxx, αyy, αzz βijk, γjik
Fx, Ay, Cz B2 αxz, αzx βijk, γjik
Gx, Cy, Az A1 αxy, αyx βijk, γjik

In Fig. 3 we report the evolution of the electric po-
larization with respect to the amplitude of the applied
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magnetic field along different directions. In Table II we
report the extracted ME coefficients at three different
epitaxial strains. Our results reveal that a sizeable non-
linear ME coupling is present when the magnetic field is
applied along the y-axis (parallel to the weak-FM mo-
ment). When the field is applied along the x-axis, we
observe a linear ME response along the same direction
(αxx) and a non-linear one along the y-axis (βyxx). The
amplitude of the linear ME response of strained NaMnF3

is close to the one reported in Cr2O3 [40–43]. All the ME
coefficients increase when the strain goes from positive
to negative values, which is consistent with the fact that
the polarization contribution of the magnetic Mn atoms
is larger for compressive strains and thus we can expect a
stronger coupling between electric polarization and mag-
netism. Additionally, the global forms of the ME re-
sponses in this fluoroperovskite is very similar to the one
predicted for CaMnO3 [8], which shows that this might
be a general rule for strain-induced FE in the Pnma
structure. We note that the ME response is observed
in spite of a non Mn-driven polar distortion. When pro-
jecting the B-field induced distortions against the Pnma
phonon modes basis set (see supplemental material) we
found that at compressive strains the unstable polar B2u

mode is the one contributing the most to the ME dis-
tortions, in agreement with the fact that at compressive
strain the character of the polar unstable mode becomes
Mn-driven (see Fig. 1b) and with the fact that the ME
response is larger for compressive strain (as shown in Ta-
ble II). We also note that several higher frequency Ag
and B2u modes also strongly contribute to the B-field in-
duced distortions, which means that the ME response is
also related to phonon mode distortions that are different
than the one responsible for the spontaneous ferroelectric
polarization, this mechanism being dominant for tensile
strains [44].

TABLE II. ME coefficients of strained NaMnF3 expressed as
in the Eq. 2, αik in [ps·m−1] and βjik in [×10−8 ps·A−1].

ε [%] αyy αxx βyyy βxxx βyxx

+3% -0.314 0.322 -0.927 0.000 -2.625
0% -0.480 0.403 -2.232 0.000 -2.156
–3% -0.698 0.423 -3.931 0.000 -4.973

From the industrial point of view, fluorides have proven
to be of high interest for numerous long term applica-
tions, such as fluorides-based glasses with a large thermal
expansion, low refractive and non-linear index [45, 46],
strong magnets with an optically transparency in the
visible light [47, 48], electrochemical devices, solid-state
batteries, gas sensors, and electrochromic systems [49] or
catalyst surfaces in base of metal fluorides such as AlF3

[50]. Thus, adding multiferroic properties in fluoroper-
ovskites would open an exciting opportunity to their use

FIG. 3. (Color online) Change of polarization (∆Pi) ver-
sus magnetic field in strained NaMnF3 (Pna21 phase). The
dashed lines represent fitting curves following Eq. 2. The
second-order ME coupling can be appreciated from the figure
for fields applied along x and y directions an increase of the
non-linear behavior is observed when strain goes from posi-
tive to negative values. The first and second order ME tensor
components computed from these plots are presented in the
Table II.

in novel and extended applications.
In this letter we have shown from first principles cal-

culations that a multiferroic ground state can be induced
in NaMnF3 thin films through epitaxial strain with an
unprecedented non-linear polarization/strain coupling.
This unusual polarization/strain coupling is related to
the specific geometric source of ferroelectricity of this
ionic crystal and further analysis should be performed
on other similar systems in order to confirm the rule (for
example in the BaMF4 family). We have shown that
this unique multiferroic state drives large and uncom-
mon second order piezoelectric response and a non-linear
magnetoelectric response. We hope our results will mo-
tivate further theoretical and experimental studies owing
to the fact that making a fluoroperovkite multiferroic is
a primer and it would open the field of multifunctional
materials to new candidates with novel and remarkable
responses.
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