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Phase transitions and potential ferroelectricity in noncentrosymmetric KNaNbOF;5
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Increasing the number of known ferroelectrics requires expanding the chemical design space and mechanisms
producing ferroelectricity. To that end, we examine the displacive, noncentrosymmetric-to-centrosymmetric
phase transition in the oxyfluoride KNaNbOFs using ab initio calculations and Landau theory. We predict an
intermediate Pnma phase occurs in the transition from the known low- and high-temperature phases, Prna2; and
Cmem, respectively, which we subsequently confirm using high-resolution and in situ '°F magic-angle spinning
nuclear magnetic resonance. Using the intermediate structure, we then calculate the monodomain polarization
switching barrier in KNaNbOF;s to be ~93 meV per formula unit, comparable to existing ferroelectrics. The
reversal of the polarization is due to uncompensated antipolar displacements of oxygen and fluorine and does
not require oxygen and fluorine site exchange as in other nonswitchable heteroanionic materials, which makes
KNaNbOF; a viable oxyfluoride for a switchable electric polarization.
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I. INTRODUCTION

A ferroelectric material requires a spontaneous polariza-
tion under zero applied electric field and the polarization must
be “switchable,” meaning the material can switch between
different polarization states through an applied electric field
[1]. Other technologically relevant properties such as piezo-
electricity and second-harmonic generation are also active
in ferroelectric materials; however, they do not rely on a
switchable electric polarization [2]. Strategies to design and
synthesize new ferroelectrics have largely focused on produc-
ing polar off-centering displacements in ABOj3 perovskite and
perovskite-derived structures. Common ferroelectrics such as
BaTiO; rely on d° transition-metal B sites to induce polarity
into the structure through a second-order Jahn-Teller (SOJT)
mechanism; however, this restricts the B-site chemistry to
select elements. Hybrid improper ferroelectricity allows for
a wider chemistry and coupling to other properties, e.g.,
magnetism, as it relies on rotations and tilting of the BOg
octahedra to drive polar A-site displacements [3—-6].

Recent work has gone beyond traditional perovskite-
type oxides and fluorides, and has shown polar and/or
noncentrosymmetric (NCS) structures may be realized by
controlled modification of the anion-sublattice composition
and structure. Anion vacancy ordering combined with A-site
chemical ordering has been used successfully to generate
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NCS Ba; YFeOs 5 and (SrFeO, 5); /(CaFeO; 5); thin films and
superlattices [7,8], respectively. Anion substitution alone can
be used to create polar-building-block units within a struc-
ture and their directed assembly can stabilize compounds
without inversion symmetry [9,10]. NCS anion-substituted
compounds, which we refer to as heteroanionic materials
(HAMs), however, are still relatively rare [11]. For that reason,
there are few conclusively demonstrated ferroelectric HAMs.
Ferroelectric oxynitrides have been studied and proposed as
relaxor ferroelectrics with a switchable polarization [12-14],
but to our knowledge there are no known switchable ferro-
electric oxyfluorides. Na3MoOsF3 has been proposed to be
a ferroelectric [15], however, its field-polarization hysteresis
loop neither saturates nor exhibits a region with a large change
in concavity [16,17]. Upon our microscopic analysis of the
polarization in Na3MoOsF3, we find that it arises from aligned
[MoOF51°~ units. For polarization reversal, significant mass
transport (i.e., 180° rotations of the all [MoO;F;1°~ units)
would be required, which is difficult to achieve. It would
involve disassembling the structure and reconnecting it in a
manner analogous to how the structure of zincblende is non-
centrosymmetric and permits a static polarization but cannot
be reversed. Thus, to find a ferroelectric oxyfluoride, we not
only require a polar structure, but the electronic polarization
must be switchable below the breakdown voltage of the mate-
rial with small displacive distortions.

KNaNbOFs is one of these rare polar heteroanionic
materials that is also polymorphic [18]. Its synthesis is en-
vironmentally conscious and nontoxic. KNaNbOFs has a low
processing temperature and its synthesis takes place in wa-
ter without requiring use of aqueous HF [19]. It exhibits
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a metastable centrosymmetric (CS) phase [20] and a polar
structure at room temperature [19,21]. This polar ground-
state structure has Pna2; symmetry and exhibits a reversible,
temperature-driven phase transition to a high-temperature
(HT) centrosymmetric (CS) phase with symmetry Cmcm
[19,22], which makes it a potential switchable ferroelectric.
Our analysis of the group-subgroup relationships for the HT
and NCS phases, which we present in detail below, reveals
that a complex phase transition with either proper or hybrid-
improper character may occur depending on whether the
relevant unstable modes driving the transition condense se-
quentially or simultaneously. If two or more modes condense
together at the same temperature, KNaNbOFs would exhibit
an unusual avalanche transition [3,23,24]. If the modes do not
condense together, then an intermediate phase would appear,
and the transition becomes proper. Ferroelectric switching
could also be more likely, as the intermediate phase may
provide for a lower-energy polarization reversal pathway.

Here we investigate ferroelectricity in KNaNbOFs by ex-
amining the sequence of possible phase transitions occurring
between its ground-state NCS phase and its HT phase. We
first investigate the character of possible phase transitions
by constructing a Landau model using order parameters and
interactions obtained from density functional theory (DFT)
calculations. Our model suggests an intermediate phase with
Pnma symmetry should appear between the previously iden-
tified HT and NCS phases. We then verify the existence of
this phase experimentally using high-resolution and in situ '°F
magic-angle spinning (MAS) solid-state NMR, which finds
that the intermediate phase likely exists between ~360 °C and
~380 °C. Furthermore, we show that the electric polarization
in the compound arises from the antipolar displacements of
oxygen and fluorine atoms. We also identify that a low-energy
monodomain ferroelectric switching path occurs through this
Pnma phase by reversal of these antipolar displacements.
Our results suggest that KNaNbOF;s is an ideal ferroelectric
oxyfluoride candidate. We hope our results spur additional in-
terest in oxyfluorides and heteroanionic materials, which have
broad applications as functional electroceramics in ferroic-
based devices, in linear and nonlinear optoelectronic devices,
as phosphors for solid-state lighting, and in energy storage
systems, among others [11,25,26].

II. METHODS

A. Computational details

All calculations were performed using density functional
theory (DFT) as implemented in the Vienna Ab initio Sim-
ulation Package (VASP) [27,28]. We used the generalized
gradient approximation of the exchange correlation functional
of Perdew, Burke, and Ernzerhof revised for solids (PBEsol)
[29] and the meta-GGA functional SCAN [30] as recom-
mended by recent computational studies of oxyfluorides [31].
We also used projector augmented wave (PAW) potentials
[32] with the following valence configurations: 3s*3p%4s!
for K, 2p63s1 for Na, 4[765524d4 for Nb, 2s22p4 for O, and
2522 p> for F. A plane-wave cutoff of 600 eV anda 5 x 3 x 5
Monkhorst-Pack mesh [33] were used for structure relaxations

and total energy calculations. Structure relaxations were con-
verged to have forces less than 1 meV A~! on each atom.

To investigate the energetics of the monodomain switch-
ing path, a generalized solid-state nudged elastic band
(G-SSNEB) method was used [34]. Forces on ions in the
G-SSNEB calculation were converged to less than 10 meV
A~!. Phonon frequencies were calculated using the frozen
phonon method with 0.03 A displacements in 2 x 2 x 2 su-
percells of the primitive cell. The PHONOPY software package
[35] was used to calculate the force constants and dynam-
ical matrices from the DFT calculations. Wannier centers
and maximally localized Wannier functions were obtained
using the WANNIER9O code [36]. The chemical shifts were
determined by magnetic shieldings using perturbation the-
ory (linear response) [37,38]. The calculated isotropic shifts,
which included the contribution of G = 0 and PAW cores,
were then calibrated with a calibration factor of +15 ppm
according to our previous work [39].

Crystallographic symmetry-adapted modes were analyzed
using ISODISTORT [40]. The Landau free energy expansion
was generated using the INVARTANTS tool [41]. In our analysis
of the Landau free energy, we utilized the unstable phonon
eigenvectors, which are obtained from the force constant ma-
trices of the fully relaxed Cmcm structure. Under a given
irrep, these modes are allowed to mix to form the symmetry-
adapted basis. We used the eigenvectors because using the
symmetry-adapted modes alone were found to be stable with
the mode distortion. The symmetry-adapted modes and the
details on the linear combination of these eigenvectors to
fulfill the symmetry-adapted modes is described in Table S1
and Fig. S1 of the Supplemental Material (SM) [42]. Landau
coefficients were obtained by a least-squares fit of a mesh of
ab initio energy calculations to the Landau function. Quadratic
coefficients were fit to at least 20 data points, biquadratic
coefficients were fit to more than 400 points, and trilinear
terms were fit to more than 1000 points.

B. Synthesis of KNaNbOFs5

Caution: Hydrofluoric acid is toxic and corrosive and
must be handled with extreme caution and the appropriate
protective gear. If contact with the liquid or vapor occurs,
proper treatment procedures should immediately be followed
[43-45].

The reagents NaF (99%, Aldrich), KNO3; (99.9%,
Mallinckrodt), Nb,Os (99.5%, Strem), and aqueous hydroflu-
oric acid (HF) (48% HF by weight, Aldrich) were used
as received. All reactants were sealed in Teflon pouches
as previously described [46]. The precursor Na,NbOF5 was
synthesized hydrothermally via a previously published pro-
cedure by combining 0.1344 g (3.20 mmol) NaF, 0.4254 g
(1.60 mmol) Nb,Os, and 1.2 ml (60.0 mmol) aqueous HF in
a Teflon pouch [19,22]. Six pouches were placed in a 125 ml
Teflon-lined Parr pressure vessel filled with 42 ml deionized
water as backfill, and heated at 5°C per min to 150 °C, held
for 24 h, and slowly cooled to room temperature at 5 °C per
min. The cooled products were left in the pouches at room
temperature to crystallize over two weeks. The product was
recovered by vacuum filtration in air.
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The Pna2; phase of KNaNbOFs was synthesized by
combining 0.0496 g (0.198 mmol) Na,NbOFs, 0.0929 g
(0.919 mmol) KNO3, and 0.12 ml (6.7 mmol) deionized H,O
in a Teflon pouch [18]. Six pouches were placed in the Parr
pressure vessel with 49 ml deionized water as backfill and
heated at 5 °C per min to 150 °C, held for 24 h, and slowly
cooled to room temperature at a slower rate of 1°C per h.
The pouches were then removed from the pressure vessel and
left undisturbed at room temperature for 1-2 weeks. Crystals
were recovered by vacuum filtration in air. Sample purity was
confirmed by powder x-ray diffraction (PXRD) measurements
on an Ultima IV x-ray diffractometer (Rigaku) with Cu K,
radiation from 10° to 60°. Careful readers will note that a
similar synthesis with a lower K:Na ratio will produce the
centrosymmetric polymorph of KNaNbOFs. Additional de-
tails on successfully producing a phase pure sample of either
polymorph is available in Ref. [19].

C. Characterization

The acquisition of ex situ '°F magic-angle-spinning (MAS
at 25 kHz) NMR spectra of KNaNbOF;s (including as-
synthesized Pna2;, heated Pna2;, and quenched samples
as discussed below) was performed using the same ex-
perimental protocol as described previously [39]. In situ
variable-temperature '°F MAS NMR and !°F T; relaxation
time measurements were employed to track the displacive
Pna2; (NCS) to Cmcm (HT) transition with a Bruker LAS-
MAS probe [47]. Detailed experimental conditions (pulse
sequence and pulsing parameters, heating/cooling control,
etc.) are reported in Ref. [39]. After the in situ '°F MAS
NMR experiments, the heated sample was measured again
with high-resolution '’F MAS NMR experiments with an
MAS rate of 25 kHz for postmortem phase identification.

To capture potential intermediate phases arising during the
NCS-to-HT phase transition, as-synthesized NCS KNaNbOFs
was heated to select temperatures (150°C, 250°C, 310°C,
and 360°C) and quickly quenched in an ice bath (~0°C).
The as-synthesized NCS KNaNbOFs sample (~20 mg) was
first placed in a ZrO, capsule, then loaded in a quartz tube
and sealed under vacuum for quenching experiments. The
tubes were then loaded into a tube furnace (Carbolite MTF
10/25/130) and held at the target temperature for 5 min
before quenching. Then, the quenched samples were packed
into 2.5 mm ZrO, rotors in a glove box (Mbraun Inc., H,O
<1 ppm, O, <1 ppm) for the '"F MAS (25 kHz) NMR
experiments. To describe the specific fluoride ions in the '°F
MAS NMR spectra of different phases of KNaNbOFs, we use
the notation: F(site number)ppase name throughout, e.g., Flncs,
corresponds to the first crystallographic fluoride position in
the NCS Pna?2, structure.

We note that our starting material contains both the cen-
trosymmetric perovskite-derived P4/nmm phase and NCS
phase, however, we are confident that we can distinguish
the irreversible, reconstructive (P4/nmm — Cmcm) from the
reversible, displacive (Pna2; <> Cmcm) transitions given that
these transitions have been studied using the same technique
[39]. We show equivalent experimental results for the recon-
structive phase transition and discuss their potential impacts
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FIG. 1. The (a) Pna2; (NCS) and (b) Cmcm (HT) structures of
KNaNbOFs.

on the results in the displacive phase transition in the Supple-
mental Material [42].

III. RESULTS AND DISCUSSION
A. Symmetry analysis and energetics

To understand the nature of the Pna2; to Cmcm phase
transition in KNaNbOFs, we first examine the relationship
between the structures using a mode analysis [48,49]. For the
analysis of the displacive motion of atoms that reduce the
Cmcm structure to Pna2;, we use the DFT optimized struc-
tures reported in Table S2. Although the HT structure exhibits
corner-connecting heteroleptic and homoleptic units and the
NCS structures exhibits only edge- and corner-connected het-
eroleptic units (Fig. 1), the transition between these distinct
structures maintains a group-subgroup relationship.

Figure 2 shows the results of our symmetry analysis for the
high-symmetry (Cmcm) to low-symmetry (Pna2;) transition.
Unlike a proper phase transition, which typically requires the
condensation of only one mode, this transition requires the
condensation of at least two (of a possible three) modes to
obtain the Pra2, space group as shown in the group-subgroup
tree [Fig. 2(a)]. Each symmetry mode presented displaces
atoms according to a particular subgroup symmetry, which
are labeled according to the irreducible representations (ir-
reps) of the high-symmetry Cmcm phase. The modes are
Y,', Y, and T'; . Their corresponding atomic displacements,
obtained from the lowest-frequency phonon eigenvectors of
the Cmcm force constant matrices, are shown on the left
of Fig. 2. The ¥," mode is an out-of-phase rotation of the
[NbOF5]?>~ and [NaFs]*~ polyhedra about the ¢ axis. The
Y,” mode is an in-phase rotation of the polyhedra about
the b axis, and the I'; mode induces polar displacements
into the high-temperature structure, primarily through uncom-
pensated antipolar displacements of the O>~ and F~ ions as
denoted by the black arrows in Fig. 2. The polar mode also
comprises large antipolar displacements of the K* ions along
the b axis (black arrows).

Condensing these modes individually into the Cmcm
structure shows their expected energy-lowering behavior
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FIG. 2. Mode decomposition and energetics of KNaNbOFs.
(a) Group-subgroup relationship between the high- and low-
temperature phases. The irreps associated with each intermediate
structure are show in blue. (b) Energetics of each of the modes
associated with the transition. The atomic displacements associated
with the unstable modes from force constant eigenvectors, which
transform as irreps indicated in blue, are also shown in the atomic
structures on the left. Atoms are designated as in Fig. 1.

[Fig. 2(b)]. The Y;r mode is the most. unstable, with its
minimum around an amplitude of 0.83 A, and followed by
Y, with its minimum around 0.80 A. The polar mode, I';
is the least energy stabilizing, exhibiting a shallow energy
well at a slightly higher amplitude of 0.86 A and depth of
~ —3.72 meV per formula unit (f.u.). Based on these energet-
ics, it is likely that the nonpolar modes transforming as ¥," and
Y,” drive the NCS-to-CS transition as they are considerably
more unstable than the polar I';” mode.

B. Approximate ab initio phase diagram

To determine the character of this phase transition in
KNaNbOFs, we follow a procedure used to investigate the
sequence of phase transitions in SrBi;Ta; Oy and SrBi;Nb,Og
[23], which also exhibits a complex energy landscape with
multiple mode couplings. The approach involves computing
the 0 K free energy Landau expansion using ab initio DFT
energy calculations to obtain the coefficients for symmetry-
permitted terms that involve the active order parameters and
their coupled interactions. Based on this Landau model, an ap-
proximate phase diagram with variable quadratic coefficients
is constructed to reveal whether a direct transition between the
high- and low-symmetry phases are allowed.

Following this procedure, we first construct a zero-
temperature energy model (AEgk) using the relevant unstable
modes, Y2+, Y, and I';, for the transition as follows:

AEo = E; + Eij + Ejji.. (D
The homogeneous terms (E;) are
2 4
EF; = al"; Ql“; + ﬂF;Qr‘;’
Ey2+ = ay; Q?;; + ,8y2+ Q;‘,; s
2 4
EYI_ = aY]_ QYI* + ﬁYl_ QYI* )
and the biquadratic terms (E;;) are
_ 2 2
Eryyy = Ory Or; Oy
2 2
Eyrys = dyy Oy Oy
_ 2 2
Ey; r; = 3y; ry Qy]— Qp2—~
Last, the trilinear term (E; ;) coupling each order parameter is
Er yry- = Yryvy Or; Qv Oy

We now approximate the zero-temperature free energy of
the system using coefficients for «, 8, §, and y calculated
from DFT at 0 K. Values for all coefficients are listed in
Table S3. Using Eq. (1), we approximate the free energy under
assumptions imposed by the Landau theory.! Then, the tem-
perature renormalization is solely contained in the quadratic
terms, such that o; = a;(T — Ty ;) for a given mode i, where
a; is a constant and 7Tp; is the critical temperature. Under this
approximation, the free energy is

3
F =Y [a(T — To)Q? + fiQ}]

+ Er;y; + Eypy- + Eyr; + Erpyry ()

Because we are approximating a finite temperature system, the
coefficients obtained from the fits to the ab initio data from
the unstable eigenvectors are directly related to the stiffness
coefficients and transition temperatures, oo ; = —a;Tp ;. Given
that the quadratic stiffness coefficient is linear with tempera-
ture, we can construct a phase diagram in a region near «; =
0 to predict if a continuous, direct phase transition is possible
between the high-temperature Cmcm and ground-state Pna2,
phases.

Figure 3 presents the phase diagram of our 0 K Landau
model for the transition in the space of the two most negative
stiffness constants transforming as ¥," and ¥, . Presenting the
phase diagram in a two-dimensional space with three poten-
tial stiffness coefficients, requires us to impose a constraint
between one of the coefficients of these order parameters and
the amplitude of I';". The slice presented in Fig. 3 gives the

'The assumptions made for Landau theory are (i) the phase tran-
sition is continuous (i.e., second order, though we do note we do
see two-phase coexistence in our experiments later), (ii) a mean-field
model is used so no fluctuations in the order parameter are considered
here, and (iii) entropy is mainly produced by the phonons rather than
any configurational disorder.
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FIG. 3. Approximate phase diagram of the displacive transition
in KNaNbOFs in which a— = 0.6 meV A=, The red dot at (0,0)
corresponds to the position in the phase diagram through which a
direct transition between the high-temperature (Cmcm) and ground-
state (Pna2;) phases occurs. The red arrow represents a possible
path of the phase transition through an intermediate centrosymmetric
phase.

best case scenario for a direct phase transition between the HT
and NCS phases, where o = 0.6 meV A~2. Here we find a
singular point at the origin, which allows for a direct phase
transition between the phases. This scenario also exists un-
der the following conditions: 0 < arr- < 6 meV A2 o =
ayr +n where 0 <n < 0.6 meV A2 and or; =ay-+m
where 0 < m < 0.6 meV A=2. The only condition for this
point to open and permit a direct transition between Cmcm
and Pna2; is when the trilinear coupling coefficient is in-
creased [Figs. S2(a), S2(b)], which is also seen in the case of
SrBi;Ta;Og [23]. Given that we do not know the exact physi-
cal path the phase transition follows, we assume that a larger
gap allowing a direct phase transition between the NCS and
HT phases suggests that a direct transition is likely to occur.
Because the gap between the phases is restricted to a singular
point at the DFT-calculated trilinear coupling amplitude, we
conclude that a hybrid-improper transition does not occur. The
two unstable modes Y2+ and Y~ do not condense at the same
temperature; therefore, an intermediate phase must exist to
accommodate the transition between Pna2; and Cmcm. Given
the single mode energetics in Fig. 2(b), we predict it to be one
of the centrosymmetric phases: Pnma or Pnna. This makes
the transition in KNaNbOFs a proper ferroelectric transition
driven by the condensation of a single mode.

To confirm the absence of a direct transition gap in Fig. 3 is
not functional or volume dependent, we repeat this procedure
using the SCAN functional, which has been shown to give
more accurate phonon frequencies in oxyfluoride materials
[31]. Table S3 and Fig. S2(c) give the Landau coefficients and

F1,.
. F1,..:-85.1
F5, ! DFT
NCS! i
F2,,:—-119.2
-90 -110 -130 F3,:-101.5
OF shift (ppm) F4 et —85.7

NCS, Pna2, s

*

T T T T T T T [ T T T T [T T T T | T T T T T

100 0 100 -200 -300
F shift (ppm)

FIG. 4. High-resolution '°F MAS (25 kHz) NMR spectrum of
NCS Pna2, KNaNbOFs and its calculated '°F NMR chemical shifts
shown for reference. Asterisks (*) denote spinning side bands. °F
MAS (25 kHz) NMR spectrum of CS P4 /nmm KNaNbOFs is shown
in Fig. S6 for comparison.

approximate phase diagram obtained using the SCAN func-
tional, respectively. The trilinear coupling coefficient from the
SCAN functional is slightly smaller than the PBEsol value
(18.95 versus 20.17 meV A’3). As a result, the SCAN phase
diagram is essentially identical to our PBEsol level diagram;
there is a single point in which a direct transition can occur.
Increasing the trilinear coupling coefficient is the only way to
open passage between the Pna2; and Cmcm phases through a
hybrid improper transition. Therefore, our conclusion remains
the same and we expect an intermediate phase of either Pnma
or Pnna symmetry, whose DFT relaxed structures and crystal-
lographic information can be found in Figs. S3(b), S3(c), and
Table S4. As described previously, the structures differ in the
[NbOFs]~? axis of rotation, which is about the ¢ axis in Pnma
and the b axis in Pnna. When the structures are relaxed, the
Pnma structure is lowest in energy (93.3 and 282.2 meV per
formula unit relative to Pna2;, see Fig. S4).

C. In situ characterization of the transition

First, we confirm structure assignments of the Pna2; and
Cmcm phases and the reversibility between these phases
using in situ '°F magic-angle-spinning (MAS) solid-state
NMR. Previous experiments have shown the technique is
able to distinguish among the known symmetries, P4/nmm,
Cmcm, and Pna2; of KNaNbOF;s [39]. Table S5 shows the
calculated and observed isotropic chemical shifts of Pna2,
and Cmcm and the proposed intermediate phases, Pnma and
Pnna. Figure S3 shows the fluoride sites in the structures.
Although it is difficult to resolve the equatorial fluoride sites,
i.e., all fluoride sites that are not trans to the oxide in the
[NbOF;5]%~ octahedra, because of their close proximity in the
YF NMR spectra, we can readily resolve the phases using
the chemical shifts of the apical fluoride, i.e., the fluoride
anion trans to the oxide anion. We also note that the apical
fluoride anion is static throughout the phase transition (Fig.
S5), indicating that there is no dynamic O/F disorder in the
HT phase.

Figure 4 shows the high-resolution '°F MAS (25 kHz)
NMR spectrum of NCS Pna2; KNaNbOFs. Among seven
resolved '°F resonances, we assign the peaks at —229.2
and —109.5 ppm to the fluoride anions Flcg and F2cg,
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FIG. 5. In situ monitoring (heating process) of the phase tran-
sition in KNaNbOFs from the polar Pna2, to the high-temperature
Cmcm phase by variable-temperature '°F MAS (5 kHz) NMR.

respectively, of the CS P4/nmm (perovskite-derived) phase
of KNaNbOF;s (see also Fig. S6). These assignments agree
well with our previous results [39]. The remaining five '°F
chemical shifts at —89.8, —115.8, —100.1, —95.8, and from
—214.2 ppm are assigned to the fluoride anions at sites Flncs
to F5ncs in the NCS phase. The isotropic shifts to which the
Fncs anions are assigned are verified by the calculated results
from DFT (Table S5).

The Pna2; phase of KNaNbOFs exhibits five crystallo-
graphically distinct fluoride sites with no mixed occupancy;
thus, the ratio among the five fluorine atoms is 1:1:1:1:1. In
other words, the apical fluoride anion, F5xncs, should ideally
share 20% of the total '°F integral in the NCS KNaNbOF;
spectra. Experimentally, the percentage of the '°F integral
(including both isotropic shift and spinning side bands) of
the apical fluorine anions F5ycs over the sum of all fluorine
anions is 19.4%. The ratio among the equatorial fluorine an-
ions (FZNcs, F3NCS’ F4NCS, and FINCS) is 1.02:0.83:1.13: 115,
which confirms the assignments of the '°F resonances in the
NCS phase.

Next, we performed in situ high-temperature '°F MAS
(5 kHz) NMR on the as-synthesized NCS KNaNbOFs to
examine the reversibility of the Pna2; to Cmcm transition.
The heating process is summarized in Fig. 5 and the cooling
process is displayed in Fig. S7. From room temperature to
~350 °C, no phase transition is observed. The only detectable
19F resonance at —259.2 ppm is assigned to the apical fluoride
anion, F5xcs, in KNaNbOF;5 (Table S5 and Fig. S3). The '°F
signals for the equatorial fluoride anions in the NCS phase
(F2nces, F3nes, FAnes, and Flyces), which are supposed to
emerge between —85 ppm and —120 ppm (Table S5), are not
discernible. Indeed, this can be explained by the large chem-
ical shift anisotropy (CSA). From simulations of '°F MAS
NMR spectrum of NCS KNaNbOF;s (Fig. 4), the obtained
CSA of F5ncs is only 29.7 kHz, whereas the summed CSA
of the equatorial fluorine atoms, F2ncs, F3ncs, Fénes, and
Flncs, is 98.9 kHz. We attribute the poor sensitivity of the PR
signals for F2xc¢s, F3ncs, F4ncs, and Flycs to both the slow
spinning rate of 5 kHz and the relatively large CSA.

Upon heating NCS KNaNbOFs up to 450°C, the '°F
NMR linewidth of the FSx¢s signal remains unchanged. This

temperature-independent line shape, which is consistent with
our previous studies [39], indicates that there is no dynamic
O/F disorder and the [NbOF 51>~ unit in the NCS phase
experiences no axial rotations about the Fipica-Nb-O axis.
Several additional features in the down-field spectra, however,
emerge upon heating. At ~360°C, a '°F peak at —143.2 ppm
appears. We assign this peak to a phase associated with the
reconstructive transition in the materials that is not related to
its ferroelectric behavior; further details can be found in the
Supplemental Material [42]. At 390 °C, the HT phase appears
with a 'F chemical shift at —116.7 ppm (Table S5). Upon
further heating, fast axial rotations of the [NbOF5]%~ units oc-
cur, which gradually reduce the CSA of the equatorial fluoride
anions and leads to an observable isotropic peak together with
residual spinning side bands. This feature mirrors the growth
of the HT phase in the irreversible reconstructive transition
reported in Ref. [39] (Fig. S8), confirming the assignment of
the —116.7 ppm resonance to the HT phase.

Additionally, another unknown '°F peak at —114.8 ppm
becomes visible at a higher temperature of 419 °C. Whether
this '°F signal suggests a new KNaNbOF;5 phase is currently
under investigation. Overall, the evolution of the '°F signals
shown from —100 ppm to —160 ppm are reversible with tem-
perature except for the peak associated with the reconstructive
transition (Fig. S7), consistent with a second-order proper
ferroelectric transition.

After in situ high-temperature (Tp,x = 451°C) I9F MAS
NMR experiments, postmortem analysis on the heated NCS
was investigated with '°F MAS (25 kHz) NMR. Figure S9
shows that the '°F resonances (F1¢g and F2¢g) of the CS phase
vanish from the pristine sample, leaving a clean signature
of five '°F signals (Flncs to F5ncs), which further support
our previous findings [39]. This observation indicates that
the CS phase converted to the NCS phase during the in situ
high-temperature experiments. Finally, the chemical shifts of
all 'F signals in the NCS phase remain identical before/after
the heat treatment (7;,,x = 451 °C). This means that the local
environment of each fluorine atom in the NCS KNaNbOFs is
unaltered, and therefore the Pna2;-to-Cmcm transition is fully
reversible.

D. Intermediate phase verification

We performed heating-and-quenching experiments on
KNaNbOF;5 followed by '°F NMR to identify the potential
intermediate phases with Pnna and Pnma symmetry. First, we
quenched (g) the Pna2; KNaNbOFs samples in ice bath after
heating to the following select temperatures: 7, = 360 °C,
310°C, 250°C, and 150°C. The quenched samples, denoted
as for example Pna2;(360°C), were then studied with '°F
MAS (25 kHz) NMR. Figure 6(a) shows there are three
characteristic '°F signals, which correspond to the apical flu-
oride anions in the Pnna phase (—223.5 ppm), Pnma phase
(—233.8 ppm), and Pna2; phase (—214.2 ppm). In contrast,
the equatorial fluoride anions among the three phases manifest
in broad and featureless '°F resonances due to severe signal
overlap from —80 ppm to —130 ppm (Table S5). The super-
imposed '"°F NMR peaks of the equatorial fluorides anions
create a source of ambiguity in quantifying the individual
phases. Therefore, we reference the phase fraction between
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FIG. 6. (a) High-resolution '°F MAS (25 kHz) NMR spectra
of NCS Pna2; KNaNbOFs quenched (¢) at T, = 150°C, 250°C,
310°C, and 360 °C. Asterisks * denote spinning side bands. (b) Phase
fraction of KNaNbOFs phases found in the quenched samples at a
given T, as determined by the phase fraction of the '°F integral of
the apical fluoride site. The black, yellow, and blue bars corresponds
to the Pna2,, Pnna, and Pnma phases, respectively.

intermediates (Pnna and Pnma) and the ending form of
KNaNbOFs (Pna2,) to the '°F integral of the apical fluoride
anions.

First, our quenching study reveals that quenching at lower
temperatures leads to a greater phase fraction of the Pna2;
phase compared to the intermediate phases (Pnna and Pnma)
as show in Fig. 6(a). Specifically, when quenched from
360 °C, the Pnma phase consumed 81% of the total '°F in-
tegral with the remaining 19% assigned to the Pnna phase
[Fig. 6(b)]. At a lower quenching temperature of 310 °C, all
three phases, Pnna, Pnma, and Pna2;, were detected. The
Pna2, phase grew and accounted for 53% of the total '°F in-
tegral, whereas the !°F integral of the Pnna and Pnma phases
decreased from 19% to 13% (—6% reduction) and from 81%
to 34% (—47% reduction), respectively. It should be noted

that the overall loss of the intermediate phases is consistent
with a transformation to the Pna2; phase. We observed a
further increase (from 53% to 69%) of the Pna2; phase at
the expense of the Pnma phase (from 34% to 19%) and the
Pnna phase (from 13% to 12%) in the T, = 250 °C samples
[Fig. 6(b)]. Quenching the NCS phase at 150 °C resulted in the
complete formation of the NCS KNaNbOFs. This data allow
us to conclude that the phase transition initiates at ~250 °C
and fully transforms to an intermediate structure at 360 °C.
Additionally, we observe both intermediate phases from our
symmetry analysis, Pnma and Pnna, occur experimentally.

The manner in which the !°F integral varies among the api-
cal fluoride anions (F3p,4, Fl puna, and FSnes) throughout the
course of the quenching experiments suggests the energetic
barrier between the Pnma and Pnna phases is low and thus,
both phase transition pathways are possible. We also confirm
that the Pnna phase results from the NCS to HT phase tran-
sition and not the contaminant perovskite-derived P4/nmm
phase in our sample by running equivalent quenching ex-
periments on a P4/nmm sample (Fig. S10). In the P4/nmm
quenching experiments, the Pnna phase does not appear until
quenching at 370°C in contrast to the NCS sample, which
shows signatures of the Pnna phase at lower quenching tem-
peratures. We therefore propose that the appearance of both
the Pnna and Pnma phases in the NCS to HT phase transition
is due both phases being accessible in the high-temperature
potential energy landscape. The difference in energy between
the relaxed phases is about 189 meV /f.u. with Pnma being
the more stable (Fig. S4). If both phases are accessible, then
we expect the lower-energy phase, Pnma, to be the majority
phase with a small percentage of Pnna upon quenching the
sample, as observed in our experiments.

We have confirmed that the displacive phase transition is
reversible and consistent with previous measurements. By
quenching the sample at various intermediate temperatures,
we also confirm the existence of an intermediate phase,
although its crystallographic symmetry remains to be deter-
mined as NMR is a technique that probes the short-range
structural ordering. We also identify an additional high-
temperature phase transition around 415 °C. Further attempts
were made to determine the character of the phase transition
through temperature-dependent second-harmonic generation
(SHG) measurements, but due to the particular environmental
conditions needed to keep the sample from degrading at high
temperatures, we were unable to obtain reliable data at this
time.

E. Electric polarization

Next, we computed the Berry phase polarization [50,51]
and obtained 0.64 ©C cm™2 along the ¢ axis, which differs
from the previously reported calculation of 0.21 uC cm™>
[52]. The value is small and reasonable as our analysis shows
that the polarization in KNaNbOFs arises from the displace-
ment of the anions. As seen in the structures of Fig. 7, the
[NbOFs]?>~ octahedra can be thought of as local ordered
dipoles, which are aligned in an antipolar manner in the Pnma
phase. Using a vector sum model [53], we calculate the dipole
moment of the [NbOFs]?>~ unit in the Pna2; phase as 1.9
debye, which is consistent with other heteroleptic polyhedra
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FIG. 7. Structure and properties along the minimum energy path-
way for coherent monodomain polarization switching. The reaction
coordinate is the total configurational change between images along
the path. The letters correspond to structures along the switching
pathway, shown above. The black arrows show the dipole moments
of the [NbOFs]?>~ octahedra and how their rotations contribute to the
net polarization along the ¢ axis (orange arrows).

[53,54] and only slightly smaller than the dipole of the unit in
the Pnma phase (2.2 debye). This indicates that polarization is
not enhanced by additional distortions to the local polar unit,
[NbOF5]>~. As the atoms displace to lift inversion symmetry
and produce the Pna2, structure, the octahedra rotate with
opposite sense about the b axis in alternating rows along the a
axis. This rotates the dipoles such that they are no longer com-
pensated equally, and therefore sum to give a net polarization
along the ¢ axis analogous to weak ferromagnetism in canted
antiferromagnets.

Although the calculated macroscopic polarization is small,
we find both the electronic and ionic contributions to the
polarization are large but of opposite signs, which is uncom-
mon among simpler polar dielectrics. Using the Berry-phase
method, we found the ionic and electronic polarizations
were 2.63 uC cm™2 and —1.99 uC cm™2, respectively.
We confirmed these polarization values by calculating the
polarization using a Wannier representation [55]. In this
method, the Wannier functions of all occupied pairs of va-
lence electrons are calculated, and because they are localized,
their average positions or Wannier centers can be found.
We then obtain the electric polarization as the sum of the
ionic polarization (from displacements of atomic sites) and
electronic polarization (from displacements of the Wannier
centers). This analysis resulted in an electronic polarization
of —1.99 uC cm™? and total polarization of 0.64 £ C cm™2,
which is identical to the result of the Berry-phase calculations.
This significant contribution from the electronic polarization
may be a common feature in heteroanionic materials, as this is
also seen in calculations on LaTiO,N, where the Berry-phase
polarizations are twice as large as the point charge model [56].

The polarization in this compound arises from cooperative
tilting of units with built-in dipoles, similar to heteroanionic
materials with A-shaped units [10]. The cooperative tilts are

likely driven by the bonding preferences of the Kt ion as
in oxide materials [57]. The global instability index (GII), a
root-mean-squared error of the bond valence sum (BVS) com-
pared to the nominal valence, is a measure of how ideal the
cation-anion bonding is within a given crystal structure [58].
The GII of the proposed phase transition pathway (Cmcm to
Pnma to Pna2,) decreases, or becomes more ideal, through
the transition. This decrease is primarily driven by the change
in the BVS of the KT cation, which increases from 0.66 to
0.86 to 1.09 for the Cmcm, Pnma, and Pna2; phases, re-
spectively. We also note that this mechanism is distinct from
second-order Jahn-Teller induced ferroelectricity, as well as
improper or hybrid improper mechanisms as the octahedra
in the centrosymmetric structure already have second-order
Jahn-Teller-like distortions, the polarization arises from a sin-
gle soft mode, and the polarization does not originate from the
uncompensated displacements of the A-site cations.

KNaNbOFs may be categorized as a proper geometric fer-
roelectric, however, there are some key differences between
it and other geometric ferroelectrics. In Pnma KNaNbOFs,
the calculated born effective charges (Z*, see Table S6) are
slightly anomalous for the oxide and the fluoride anions
that are not aligned with the black arrows in the structures
in Fig. 7: Z}(0) = —0.83¢, Z},(F4) = —1.89¢. This distin-
guishes it from proper ferroelectrics where the polarization is
induced by the SOJT effect such as in BaTiO3, which has very
large anomalous charges (Z*(Ti) = 7.3e, Z*(0)) = —5.7¢ in
its cubic structure [59]). In proper geometric ferroelectrics
such as BaMF,; (M = Mn, Fe, Co, Ni), the Born effective
charges only deviate slightly from their nominal values and
the electric polarization calculated either with the Berry-phase
method or ionic-point charge model are in good agreement
[60]. This agreement suggests the electronic contributions and
enhanced covalency manifesting in large dynamical charges
are minimal.

Although the Born effective charges are in good agreement
with the nominal valences for the ions in KNaNbOFs, as
noted previously, the Berry-phase-calculated and ionic-model
polarizations are significantly different. For that reason, it
may not be deemed unambiguously as a geometric ferroelec-
tric. Interestingly, the calculated polarization dependencies in
KNaNbOFs are more similar to HoMnOj3; and other magneti-
cally induced ferroelectrics, where the Born effective charges
only slightly differ from their nominal values [Z*(Mn) =
3.9¢, Z*(0) = 3.1e] and yet there is a difference between
the electric polarization calculated from the ionic model and
Berry-phase method, which accounts for both ionic and elec-
tronic contributions to the polarization [61]. There, the authors
note that this large contribution of the electronic polariza-
tion is due to orbital polarization-induced charge polarization
[62,63], which is not possible in KNaNbOFs as it is nonmag-
netic. Further research into the polarization of KNaNbOFs
and other heteroanionic materials with electronic polariza-
tions should be pursued to clearly classify its ferroelectric
mechanism.

F. Potential ferroelectric switching path

To investigate the feasibility of a switchable polarization
in this compound, we calculate the energetics of a coherent
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ferroelectric domain reversal or the monodomain switching
barrier. Although this approach is a simple approximation
of the ferroelectric switching mechanism, it provides a fig-
ure of merit that often indicates if polarization switching is
possible. For example, the well-known ferroelectrics PbTiO3
and BaTiO3 have coherent energetic barriers of 50 meV /f.u.
[64] and 16 meV /f.u. [65], respectively. If a material has
a comparable barrier, then the polarization may likely be a
switchable, but materials with significantly higher barriers are
less likely to be ferroelectric and simply pyroelectric.

As noted previously, Cmcm has a large volume and energy
difference relative to the ground-state structure, suggesting
that if the transition were direct, the phase may not be switch-
able due to a large energetic barrier or potential cracking
from a large strain gradient in the sample. The candidate
intermediate phases, Pnma and Pnna, have an order of magni-
tude smaller volume change, and the energy difference to the
Pna?2, phase is also reduced, by up to about 300 meV /f.u.
in the case of Pnma (Fig. S4). We therefore investigate a
potential ferroelectric switching pathway through the Pnma
phase, as is the lowest-energy intermediate phase and the most
likely intermediate candidate based on the energetics of the
singular modes.

To ensure an accurate modeling of the fluctuations in lattice
parameters through the transition, we use a generalized solid-
state nudged elastic band (G-SSNEB) calculation to model
the monodomain switching. The results of the G-SSNEB,
shown in Fig. 7, should predict the minimum energy pathway
to switch the polarization of the material. The ferroelectric
switching path through the Pnma structure proceeds smoothly
along the minimum energy pathway. The maximum in both
the volume and relative energy is at the CS intermediate and
their values do not deviate much compared to their relaxed
differences (Fig. S4). The maximum difference in energy is
about 93 meV /f.u., which is about twice as large as the co-
herent energy switching barrier of PbTiOs. However, we note
that this value is comparable to other known ferroelectrics
such as LiNbOj3 and LiTaO3;, which have barriers heights
of around 130 and 65 meV/f.u., respectively [66]. Further
investigations of the switching barrier height, either through
180° or 90° domain wall calculations or through two-step
switching pathways [66-68] were outside the scope of this
study, but may also lower the barrier height. We believe this
suggests that the polarization may be switchable, but further
investigation is needed to confirm the material is a ferroelec-
tric. We attempted to measure the polarization hysteresis of
KNaNbOFs under applied electric field, however due to the
difficulty in sample processing, we were not able to confirm
or refute its switchability.

IV. CONCLUSION

We have investigated the character of the NCS to HT
CS phase transition in KNaNbOFs to gain insight into its

potential switchable ferroelectricity. Using a Landau model
constructed from DFT calculations of the relevant unstable
modes, we determined that a direct transition was not pos-
sible, and an intermediate phase should appear between these
known phases. We verified the existence of an intermediate
phase through in situ and high-resolution '°F MAS solid-state
NMR, which suggested the intermediate phase to be Pnma,
however, further long-range in sifu structural characterization
would be needed to prove this definitively. We also identified
another high-temperature phase transition around 450 °C from
the Cmcm phase to an unknown higher-temperature structure.
Based on this proposed intermediate phase, we created a fer-
roelectric switching path and calculated its coherent energy
switching barrier. Based on this simple metric, the material
may be switchable as its energetic barrier is comparable to
other known ferroelectrics. A hysteresis experiment would be
necessary to confirm its switchability and we hope that our
work sparks further experimental investigation into this mate-
rial and other potential ferroelectric oxyfluorides. In addition,
we showed that KNaNbOFs, if switchable, is likely a proper
ferroelectric rather than a hybrid improper as initially thought
based on a symmetry analysis. Our combined theoretical and
experimental approach can therefore be used to investigate
the nature of ferroelectricity in other hybrid improper ferro-
electrics. This will allow other researchers to verify the nature
of ferroelectricity in other compounds as well.
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