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Abstract: Multiferroic materials with simultaneous magnetic and ferroelectric ordering that
persist above room temperature are rare. Using first-principles density-functional-theory
calculations, we demonstrate fluorination of oxygen-deficient AA'Fe.O, perovskites — where A
and A’ are cations with +3 and +2 oxidation state, respectively, and have a layered ordering — as
an effective strategy to obtain room-temperature multiferroics. We show that by controlling the
size of the A and A’ cations, it is possible to stabilize a non-centrosymmetric phase arising due to
the hybrid improper ferroelectricity mechanism, with polarization as high as 13 uC/cmr. The
fluorination also stabilizes Fe in +3 oxidation state, which results in superexchange interactions
that are strong enough to sustain magnetic order well above room temperature. We also show the

presence of a magnetoelectric coupling wherein the switching mode that reverses the direction of
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the spontaneous polarization also affects the strength of the magnetic interactions. The results
show that low-temperature fluorination of anion-deficient perovskites with layered cation ordering

can be an effective approach to design new multiferroics.



Introduction

Transition-metal oxides with the AMO, perovskite framework, where A is a larger cation
and M is a smaller transition-metal cation, display a wide range of physical phenomena such as
high-temperature superconductivity,' giant-magnetoresistance, and high ionic conductivity.= The
perovskite framework is a three-dimensional network of corner-connected MO, octahedra with the
larger A cations occupying cuboctahedral cavities between the octahedra. These MO, octahedra
can distort or undergo cooperative tilts,”” so the perovskite framework is flexible enough to
accommodate a wide variety of elements from the Periodic Table. Substitution of additional
cations sharing the same sites can tune existing functionalities, or even induce new ones, especially
when combined with layer-by-layer-growth techniques, such as molecular beam epitaxy, to
produce cation ordering." This strategy is well illustrated in the class of multiferroic perovskites
that have simultaneous electric polarization and magnetism. Magnetism usually originates due to
transition-metal cations with partially filled d-orbitals, while the conventional ferroelectric
mechanism, seen in perovskites such as BaTiO,, requires B-site cations with empty d-orbitals.”
This constraint can be lifted to achieve multiferroism by selecting two different cations, one for
each task. For instance, in EuTiO,, magnetism arises due to the unpaired f-electrons of Eu, while
the 3d’ Ti cation undergoes polar distortion.” In BiFeO., polarization arises due to the steric
hindrance of the 6s* lone-pair electrons of Bi,* while the 3¢ electrons of Fe*undergo magnetic
ordering. In the family of hybrid improper ferroelectrics, the layered ordering of two cations at the
A-site, when coupled with the correct combination of octahedral tilts, results in a finite
polarization.** This is because the tilts lead to displacement of A-site cations along opposite
directions in successive layers, but if the two A-site cations do not have identical size or charge,

the resulting dipoles do not cancel completely, leaving a net polarization, as shown in Figure 1.



This polarization can, in principle, be switched by changing the direction of octahedral tilting.*»
Since the ferroelectricity in this case results from the A-site cations, the B-site cations can have
magnetic moments due to occupied d-orbitals.

Substitution of a second anion having different size and charge is emerging as another
promising route to control perovskite properties.”> For example, fluorination of a thin film of
SrFeO.-s reduced the film’s electrical resistance by five orders of magnitude*, and fluorination of
NdNiO, changed it from a semiconductor with 2.1 eV band gap to a metal.» In La,,Ca,.MnO.-sF.,
fluorination to x = 0.6 increased the ferromagnetic Curie temperature from 258 K to 269 K, while
also raising the metal-insulator transition temperature by 16 K.» Substitution with nitride has also
been shown to affect the band gap~, electric polarity,* and photocatalytic properties;* however,
anion substitution has not yet been used to create a room-temperature multiferroic.

In this article, we report results from first-principles density-functional theory (DFT)
calculations showing anion substitution as a means to create Fe-based multiferroics with strong
polarization and robust magnetic ordering above room temperature. Specifically, we propose that
low-temperature fluorination of an oxygen-deficient double perovskite can be used to create
multiferroics with a stoichiometry of AA'Fe.O.F, where the A and A’ cations are ordered into
alternate layers —that can be obtained using layer-by-layer growth techniques. Fluorination of the
oxygen-vacancy-ordered perovskites completes the corner-connectivity of the octahedral network
along all the three dimensions, allowing hybrid improper ferroelectricity to operate. We describe
the resulting multiferroics using DFT calculations, and find that their calculated polarization can
be as high as 13 uC/cmr. For YCaFe.O.F, which prefers a polar configuration, we have calculated
the magnetic exchange interactions and find that they are comparable to those in YBaFe.O. and

YFeO., both of which are magnetically ordered well above room temperature.»* We have



calculated the decomposition enthalpies of several of these fluorinated multiferroics, and we find
that some of them are near or below the convex hull of competing compositions, indicating that
they are thermodynamically stable and it should be possible to synthesize them. This general
approach of anion engineering in perovskites opens up new possibilities for creating room-

temperature multiferroics.

Computational Details

We studied AA'Fe.O.F perovskites using the plane wave DFT code Vienna Ab initio
Simulation Package (VASP)» version 5.4 with the projector augmented-wave (PAW) method.»*
We used a 2x2x2 supercell of the 5-atoms ABX. perovskite unit cell to account for ion ordering
and octahedral tilts. We used a 4x4x4 k-points grid for structural relaxations and a 10x10x10 grid
for calculating the energy and electronic structure of the relaxed structures. An electronic
convergence criterion (EDIFF) of 1E-6 eV and a force convergence criterion (EDIFFG) of less
than 0.01 eV/A were used; certain calculations such as phonon calculations used a stricter force
convergence criterion. We used a plane wave cutoff energy of 500 eV.

We used the PBEsol exchange-correlation functional,» which has been found to be
optimal for perovskite oxyfluorides.” Additionally, to describe the strong correlations arising from
the localized d-electrons of Fe, we used a Hubbard U parameter of 4 eV using the method of
Dudarev et al.* In agreement with a previous work,” we found that this value accurately reproduced
the charge and magnetic ordering of a possible unfluorinated starting compound, YBaFe.O..» G-
type antiferromagnetism, in which each Fe has a spin opposite to all its nearest neighbors, was
imposed on each system unless stated otherwise. We also imposed layered ordering of the A, A’

cations along the c-axis in all the compounds investigated in this work. We used the SPuDS



software* to generate starting structures with different octahedral tilt patterns and analyzed the
distortion modes of optimized structures with ISODISTORT,> as well as the Bilbao
Crystallographic Server’s PSEUDO and AMPLIMODES programs.»+ All tilted structures are
described using Glazer’s notation.* To find the likely ground states of this perovskite family, we
studied YBaFe,O.,F and LaCaFe,O.F because they represent two extremes of the size difference at
the A-site. For these two systems, we relaxed them in many different combinations of octahedral
tilt patterns and O/F anion orderings to find the ground state. The polar state with its preferred
anion ordering is shown in Figure 1; the calculated energies of competing structures are available
as Supporting Information. To reduce the computational cost, the remaining 10 systems with A-
site pairs: LaBa, YBa, LaSr, LuSr, YSr, EuCa, YCa, YbCa, LuCa, and InCa, were only relaxed in
the few most stable configurations observed in the two prototypes. We then used YCaFe.,OF as a
model system for the calculation of ferroelectric and magnetic properties because it has a stable

polar ground state.

Figure 1: Crystal structures of YCaFe,O.F with various tilt patterns. (a.) Centrosymmetric

phase having Pmma symmetry with a a"¢ tilts. (b.) A polar phase with Pmc2, symmetry is



obtained from (a.) by adding in-phase octahedral rotations about the c-axis (c*), coupled with
non-compensating displacements of A-site cations, Y (yellow) and Ca (pink) here, in alternate
layers. As indicated by arrows, Y atoms displace toward the left or bottom of the figure, while
Ca atoms displace toward the right or top. (c.) Structure of the polar phase as viewed along the
b-axis, showing the antiphase a"a” tilts. We find that the polar phase is most stable with F (green)
in the layer of Ca~ cations. Oxygen atoms are shown in red and FeO.F octahedra are shown in

blue color.

Results and Discussion

We begin by briefly discussing the effect of fluorination of YCaFeO; on its electronic
structure. Although YCaFe.O, has not been synthesized, we can model it as a mixed-valence
Fe»/Fe» structure with ordered oxygen vacancies in the Y layer, which has been observed for many
REBaM.O,, (where RE is a rare-earth cation) compounds such as YBaFe.O.and YBaMn,O,.»#+
There are several possible combinations of magnetic and charge ordering; here, we have chosen
to impose the YBaFe.O, type. The low temperature phase of YBaFe.O, shows G-type
antiferromagnetism, with “stripe” charge and orbital ordering along the b-axis. If YCaFe.O, were
to adopt a different charge ordering it would not significantly affect the conclusions of this study,
which is focused on the fluorinated AA'FeO.F perovskites.  Fluorination of YCaFe.O; is an
oxidative process if the fluorine does not replace any of the oxygen, so the Fe»cations with d
configuration are oxidized to the Fe* state with &* configuration. We observe this effect in the
density of states (DOS) shown in Figure 2, where the occupied Fe* d-states present near the Fermi
level in YCaFe,O, (the solid filled states in Fig 2b.) are absent in the fluorinated compound (Fig.

2d). We also observe that fluorination of YCaFe.O, increases the band gap.
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Figure 2: Electronic structure of YCaFe,O, and YCaFe,O.F. (a.) The electronic density of
states (DOS) of unfluorinated YCaFe.O,, (b.) DOS projected onto the Fe d-states for both Fe*
and Fe~ oxidation states in YCaFe.O,. We only show the DOS of atoms that have a positive
magnetic moment, but there are an equal number of atoms with negative moment. (c.) and (d.)

show the same data for the ground state of YCaFe.O.F with Ca-layer fluorination in the aa ¢

tilt pattern. Fluorination leads to oxidation of Fe> ions to Fe*.

We will now examine the magnetic properties of YCaFeO.F and its likelihood of remaining

magnetically ordered at room temperature. Based on the Goodenough-Kanamori rules for

superexchange, this compound is expected to be an antiferromagnet due to the presence of
antiferromagnetic interactions between neighboring Fe~ cations. Our calculations confirm that G-
type antiferromagnetism is more stable than A- and C-type antiferromagnetism, as well as the

ferromagnetic state. The calculated magnetic moments on Fe+ are 4.0-4.1 w., less than the



theoretical value of 5 u., but it is important to note that the calculated value comes from integration
across a somewhat arbitrary atomic sphere, while the theoretical value assumes that Fe has exactly
5 d-electrons which corresponds to purely ionic bonding.* We also find that the O/F anions carry
small magnetic moments due to covalent interactions. To estimate the Néel temperature (7,) for
transition from antiferromagnetic to paramagnetic ordering, it is necessary to determine the
strength of the individual superexchange interactions acting through the Fe—-O-Fe or Fe-F-Fe
bond pathways. We considered magnetic interactions up to the third nearest-neighbors and
extracted the interactions J, — J, by fitting a Heisenberg model to the total energy of 10 different
magnetic configurations that were chosen randomly, subject to the constraint that the resulting set

of equations were linearly independent. The Hamiltonian is given by

H:EO—ZJ..S.S. [1]

yor-j oo
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where S = 5/2 is the theoretical spin of the Fe* ion. The exchange constants are dependent on the
choice between theoretical or calculated magnetic moments, but the magnetic energy per atom and
therefore the transition temperature do not depend on this choice because the moment cancels
when summing up the interactions for each atom. We found the exchange constants for YCaFe.O,F
with the ground state aac: tilting and Ca-layer fluorination. We made the approximation that
structure is the same along a and b directions, since it has a = 7.635 A and b = 7.607 A, but we
considered two different types of in-plane nearest-neighbors interactions, J. and J,, as shown in
Figure 3. There are two types of in-plane bonds due to the broken mirror symmetry from cation
ordering: interaction J, with an Fe—Fe distance of 3.71 A and an Fe-O-F bond angle of 143°; and

J. with an Fe-Fe distance of 3.93 A and a bond angle of 151°.
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Figure 3: Magnetic exchange constants between Fe* ions in YCaFe,O.F. A positive sign
indicates a ferromagnetic interaction. The atomic model on the left shows the nearest-neighbor
interactions, which are stronger than the 2+ and 3~ nearest-neighbor interactions shown on the

right. The size of the A-site cations has been reduced for clarity.

Based on the calculated strengths of various exchange interactions, as shown in Figure 3,
we find that the nearest-neighbor interactions J,— J, are dominant, with strong antiferromagnetism
leading to the G-type AFM ground state. The total magnetic stabilization of each Fe ion with

respect to the magnetically disordered state is given by

2
lZJ,.z,(éj =—136 meV 2]
24 2

where z is the number of interactions of each type that the ion has. If only the nearest-neighbor
interactions J, — J, are taken into account, this value becomes -125 meV/Fe. While 7, could in
principle be calculated from the exchange constants using a mean-field approximation or with
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Monte Carlo simulations, in practice this may give inaccurate results due to the empirical nature
of the Hubbard U parameter.»» Instead we have compared the magnetic stabilization for
Y CaFe.O.F with those calculated using the same DFT parameters for related compounds whose 7
are known experimentally. For YFeO,, with 7 = 655 K,* we calculate an energy stabilization in
G-type AFM of -106 meV/Fe, including only nearest-neighbor interactions. For YBaFe.O, with
a slightly different structure and T, = 410 K, the calculated stabilization of G-type AFM is -115
meV/Fe including up to second-nearest-neighbor interactions, which is similar to a previous
report.” Therefore, we expect that the strong exchange interactions in YCaFe.O.F will lead to a
robust magnetic ordering with a Neél temperature at least as high as 410 K.

We note that the Fe-F-Fe exchange constant J, is only -1.4 meV, much smaller than the
Fe-O-Fe interactions J... The reason for this is the decreased covalency of the bond through F,
which has much lower valence orbital energies than O. Goodenough* observed that superexchange
becomes weaker when more energy is required to excite an electron from the filled anion p-orbital
to the half-empty cation d-orbital. This effect can be seen in the site-projected DOS of YCaFe.O.F,
shown in Supporting Information. Weakened superexchange is frequently observed in distorted
perovskite oxides when octahedral tilting decreases the orbital overlap,” but replacing O with F
has an even greater effect, as shown in several experiments.»* For instance, pseudocubic AgFeOF.,
with very little tilting has a Neél temperature of 480 K, much lower than that of the tilted
perovskites SrtFeO.F (7, = 710 K«) or LaFeO, (T, = 740 K*), which might be expected to have
weaker superexchange due to their tilts. In another experiment, fluorination of LaNiO., to
La.NiO.F, reduced the Neél temperature from 330 K to 49 K, despite the fact that the oxidation

state of Ni remained the same.» The dominant factor is clearly the reduced covalency of the Fe-F-
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Fe bond pathway. In the case of AA’Fe,OF, the total superexchange remains relatively strong
because only one O out of six is replaced.

If the anion sublattice is completely ordered, it could affect the magnetic ordering pattern
and Neél temperature as well. Although YCaFe.O.F is predicted to retain G-type
antiferromagnetism, the J, interaction across the fluorinated +2 layer may become ferromagnetic
in related compounds with even more octahedral tilting, leading to a magnetic state with a doubled
unit cell along the c-axis. However, none of the cation pairs in this study have octahedral tilting
more than 2° stronger than YCa. Furthermore, as we have shown in the Supporting Information,
entropy may stabilize an anion-disordered state as seen in many other oxyfluorides.** In this case,
a three-dimensional network of Fe—O-Fe bonds is expected to retain the strong G-type
antiferromagnetism. The magnitude of the electric polarization is unlikely to be affected by anion
disorder.

We have just seen the advantage of using the ¢ Fe» at the B-site to optimize the magnetic
properties. In an antiferromagnet, a high Néel temperature requires strong superexchange
interactions between the B-site cations, operating through the B-X-B bonds. Fe* meets this
criterion very well,» with LaFeO, showing an antiferromagnetic Néel temperature of 750 K
compared to 100 K for LaMnO, or 320 K for LaCrO.» For this reason,AA'Fe.O, is a promising
family of potential multiferroics, while multiferroics with other B-site cations rarely have room
temperature magnetic ordering. However, this robust magnetism comes at a price. Charge balance
in an Fe* double perovskite oxide requires that the oxidation states of the two A-site cations sum
to +6, and since small +4 cations rarely occupy the A-site, in practice these hybrid improper
ferroelectrics must have two +3 A-site cations such as lanthanides.» =+ The net polarization in this

case results only from the size difference between the two lanthanides, and the two ionic
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displacements cancel to a large extent. It would be preferable to use a larger 4+2 cation at one of
the A sites to maximize the polarization® and improve the precision of cation layer ordering.» But
if the total cation charge is altered in this way, charge balance then leads to oxygen-deficient
structures to avoid the formation of the less favorable Fe+ oxidation state.» Furthermore, the
oxygen vacancies in such perovskites are often observed to undergo ordering along specific planes,
which results in the breaking of the cooperative octahedral tilt pattern necessary for the hybrid
improper ferroelectric mechanism, although anion-deficient structures can still be polar under

some circumstances.”” Substitution of fluoride with —1 charge, compared to oxide’s =2, lifts this

constraint and permits the A-site charge to take values other than +3. Therefore, fluorination of
vacancy-ordered perovskites offers the chance to optimize the ferroelectricity with only a small
effect on the magnetism, as long as there is still more oxide than fluoride.

To confirm if YCaFe.OF is a hybrid improper ferroelectric, we have calculated the
polarization of its ground-state phase with F atoms in the Ca layer, having a Pmc2, space group
and aac- tilts, using the Berry-phase method.”” The calculated polarization values were mapped
to a single polarization branch using the Pymatgen software package. We find that YCaFe.O.F
has a spontaneous polarization of 10.3 pC/cnr. The expected switching mode is a reversal of the
¢ tilt, moving through a Pmma centrosymmetric phase with a calculated energy barrier of 64
meV/f.u. The switching barrier of a useful ferroelectric should be large enough to be stable against
thermal fluctuations, but low enough that a reasonable coercive field can overcome it. It is not
possible to calculate the ferroelectric/paraelectric transition temperature or required coercive field
directly from the height of the theoretical switching barrier, since the actual switching mechanism
may involve domain wall motion rather than a concerted motion of all the atoms as we have

calculated here.” However, the calculated barrier of 64 meV/f.u. is exactly the same as that of the
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Ruddlesden-Popper phase Ca,Ti.0O,,* which has a different switching mechanism but is known to
be experimentally switchable.»

To investigate the presence of any magnetoelectric coupling, we have calculated the
exchange interactions along the distortion mode that switches the polarization. We find that
switching the polarization also affects the magnetic exchange constants, since the switching
pathway temporarily eliminates the ¢+ octahedral rotations. This improves the overlap of Fe d-
states with the p-states of O/F and increases the strength of the superexchange interactions. As we
have established that longer-ranged interactions are relatively unimportant in this system, for
clarity, we have used a simplified Heisenberg model with only a single nearest-neighbor
interaction (J,,), as shown in Figure 4. We find that the centrosymmetric Pmma phase shows
increased superexchange between nearest neighbors with the average nearest-neighbor exchange

constant being —8.18 meV compared to —7.17 eV in the ground state. The ground state Pmc2,

phase is also expected to show a linear magnetoelectric coupling through the Dzyaloshinskii-
Moriya effect because there is no inversion center between the neighboring iron atoms.» Therefore,
the magnetic moments are expected to be canted and to respond to the switching mode. However,
quantifying the strength of this coupling would require expensive non-collinear magnetism

calculations, which are outside the scope of this article.
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Figure 4: Variation of the nearest-neighbor (NN) exchange constant J,, with the amplitude of
the polarity-switching mode, which combines opposite polar displacements of successive A-site

layers and the reversal of the ¢ octahedral tilt.

The polarization predicted (10.3 uC/cme) for YCaFe,OF is not unusually large. For
comparison, LulLaFe,O, with exclusively +3 cations at the A-site was predicted to have a
polarization of 11.6 uC/cme.» While the introduction of the Ca>tends to reduce the cancellation of
the opposing A-site displacements, the size difference between Y* and Ca is only 0.1 A according
to their 8-coordinate Shannon radii.» Hence, in the following, we have investigated the possibility

to achieve higher polarization by changing the size-ratio of the two A-site cations, but keeping

their charge ratio fixed at +2/43.

15



Polarization of AA'Fe,O5F

19
17
15
13
11 12
10
7
2 3
0 0 I I

0LaCa EuCa LaSr YCa YbCalLuCaInCa LaBa YSr LuSr YBa LuBa

= = N
(@) (9)] o

Ul

Polarization x C/cm?

Figure S5: The calculated polarization of AA'Fe.O.,F double perovskites with varying size

difference of the A and A’ cations. The polarization has been calculated in the polar Pmc2, space
group with aac tilt and F in the layer of the +2 cations. Blue bars indicate that the system
prefers this polar phase, while red bars indicate that there is a competing non-polar phase that is

more stable.

The substitution of different cations at the A-site is expected to have a strong influence on
the octahedral tilt pattern, since the main purpose of these tilts is to optimize the coordination
environment of the A-site cation.” Specifically, a smaller A-site cation causes increased tilting, and
tends to favor the a a ¢ tilt pattern, which mitigates the anion-anion repulsion around the small
cation.” We considered Ba, Sr, and Ca for the 2+ cation and chose the 3+ cation from La, Y, Eu,
Lu, Yb, and In. For each pair of A-site cations, we show the calculated polarization in Figure 5.
Compounds having the polar phase (a a c', Pmc2)) as the ground state are shown in blue and those
having a non-polar phase, such as a’b™c”, as the ground state are shown in red. We find that

compounds having small 2+ cations, such as Ca, are more likely to prefer the polar phase, which

16



is consistent with the expectation that small A-site cations favor a"ac-tilt pattern. However, other
factors such as size difference also play a role. Caln and SrLu have average A-site cations sizes
less than or equal to those of stable polar compounds, but their calculated ground state has a’b™c”
tilt pattern and fluorine in the Fe layers of the compound. Two of the compounds, EuCa and LaCa,
are listed as having zero polarization even though they are both non-centrosymmetric. In these
compounds, the small ionic polarization is screened almost completely by an opposing electronic
polarization.

We find that the polarization generally increases with increasing size difference, as
predicted by previous first-principles calculations on oxide hybrid improper ferroelectrics.«» The
authors of these studies proposed that effective hybrid improper ferroelectrics should have large
A-site cations and large size differences between the A-site cations, in order to maximize
polarization while minimizing the ferroelectric switching barrier, estimated as the energy
difference between the a”ac¢- tilt pattern and the centrosymmetric a”a c’pattern However, in the
oxyfluoride perovskites studied here, attempting to lower the switching barrier by destabilizing the
¢+ distortion mode with large cations leads to a non-polar ground state with a completely different
tilt pattern, a’b™c™ in the C2/m space group. This is likely to limit the polarization that can be
achieved experimentally. Our results also highlight the need for further investigation of whether
the same effect occurs in pure oxide perovskites. We note that it may be possible to use epitaxial
strain to stabilize the polar phase of high-polarization compounds such as LuBaFe.O.F, since
octahedral tilting is strongly coupled to strain.”

Finally, we have considered whether it is likely that these fluorinated multiferroics can be
synthesized. The data in Figure 5 indicate that a small A-site size difference is required to achieve

the aac tilt pattern. However, this small size difference when combined with the small charge
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difference of 42 and 43 cations makes it unlikely that the compounds will spontaneously order
into alternating layers at the A-site, as required by the hybrid improper mechanism. To test this
possibility, we have calculated the energy of a cation-disordered special quasirandom structure
(SQS)»+ of YCaFeO.in the ab-c tilt pattern, which the untilted structure spontaneously adopted
during relaxation. We find that the ordered and disordered structures have the same energy to
within 1 meV/fu., with entropy likely to produce disorder at experimental temperatures.
Therefore, we expect that it will be necessary to use layer-by-layer growth techniques to impose
layered A-site cation ordering artificially. The exact oxygen stoichiometry of these artificially
ordered perovskite oxides is expected to depend on the reduction conditions.» They may have the
YBaFe.O, vacancy-ordered structure with Fe/Fe* charge ordering, as modeled in this work, or a
brownmillerite structure with charge ordering,” or they may adopt an AA 'Fe.O,, stoichiometry to
achieve a uniform Fe state. »

We have also considered the possibility of decomposition to competing binary and ternary
phases. Similar oxyfluoride perovskites are often metastable,” due to the high stability of the
binary fluorides which would result from decomposition. We can calculate the stability of a
compound by comparing its energy with respect to its most stable reactants or products.
Compounds that cannot decompose into more stable products lie on the convex hull of the phase
diagram, while those that can, are above the hull. Previous data-mining of the calculated formation
energies of known compounds has shown that the 90" percentile of metastable compounds are 67
meV/atom above the convex hull.* Hence, we can use a formation energy of < 70 meV/atom as a
criterion to evaluate metastable compounds that can be synthesized. We have used the Open
Quantum Materials Database* to identify the most favorable decomposition pathway for six of our

compounds, then calculated the formation energy relative to the convex hull. For this calculation,
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we found the energy of the decomposition products using the same DFT settings we previously
used for the oxyfluorides. As an example, YCaFe.O.F is most susceptible to decompose by the
reaction
YCaFe,OF -> YFeO, + 0.5(CaFe,O,) + 0.5(CaF),)
and the change in energy of this process is -41.7 meV/atom, placing YCaFe.O.F 41.7 meV/atom
above the convex hull but within the region where metastable compounds are plausible. The
formation energies vs. the convex hull of 6 representative compounds are shown in Figure 6a.
Synthesis of metastable compounds usually occurs when the compound is kinetically
trapped and cannot transform to more stable phases. In perovskites, cations are not mobile at low
temperatures, but anions are, which is the basis for the ‘soft chemistry’ topochemical techniques
which modify the anion sublattice of a stable oxide but leave the rest of the structure unchanged.
«» Because the cations are not mobile, they cannot phase segregate to low-energy binary or ternary
compounds once fluorine is added.» To study this kinetic trapping we have calculated the phonon
band structure of the polar phase of YCaFe.O.F. We do not observe any soft modes as shown in
Figure 6b, indicating that the structure is dynamically stable with respect to small displacements
of its atoms. It is interesting to note that even LaSrFe.OF, which we predict to be quite unstable
based on the formation energy (415 meV/atom), has been synthesized with cation disorder at the
A-site using low-temperature fluorination.» Centrosymmetric La, SrFe.O..F, was obtained across
the wide composition range x = 0 to x = 2, using fluorine like a co-dopant to maintain charge
balance.»» As expected, the compound was metastable but could be made as a single phase at
relatively a low temperature (400 °C). Therefore, we expect that similar low-temperature
fluorination techniques combined with layered A-site ordering can be used to produce many of the

compounds considered here.
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Figure 6. Thermodynamic and dynamic stability of polar AA’Fe,O.F multiferroics. (a.) The
calculated formation energies of 6 representative compounds, including YCa. A negative energy
corresponds to a stable compound that lies on the convex hull. (b.) Phonon band structure of the
polar ground state of YCaFe.OF, which has no soft phonon modes and is therefore dynamically

stable.

Conclusions
In summary, we have used DFT calculations to investigate the addition of fluorine to layer-
ordered double perovskites with Feat the B-site, with the goal of developing new hybrid improper
ferroelectrics with high magnetic ordering temperature. We find that using a +2 and a +3 cation
at the A-site can increase the polarization of the polar phase with a“a ¢ tilts to as high as 19.3
uC/cme However, not all of the possible combinations of A-site cations are expected to lead to a

polar ground state, since the a’b¢ tilt pattern becomes increasingly competitive as the average size
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and size difference of the A-site cations increase. The compounds with a predicted polar ground
state tend to have less polarization, and would require layer-by-layer growth techniques, such as
molecular beam epitaxy, to impose cation ordering. The fluorinated perovskites are expected to
have high magnetic ordering temperatures due to the strong superexchange interactions between
Fe* ions, and our calculations show that one example, YCaFe.O.F, has superexchange interactions
at least as strong as those of YFeO. and YBaFe,O,, which both order above 400 K. By symmetry,
these Pmc2, multiferroics should show also linear magnetoelectric coupling when the polarization
is switched.

Based on these results, we expect that low-temperature fluorination combined with layered
ordering of cations will be a valuable tool for synthetic researchers attempting to create new
multiferroics. The main advantage of hybrid improper ferroelectrics for this purpose is that the
ferroelectricity is generated at the A-site, while the magnetism is generated at the B-site, which
avoids the incompatibility between the two types of ordering which would otherwise make
multiferroics very rare.” However, the two cation states are still linked by the requirement that the
sum of their charges equal +6 per ABX. cell to avoid anion deficiency. The use of anion
engineering to balance charge loosens this constraint, and can most likely be applied to other

related systems, such as manganites, cobaltites, nickelates and cuprate perovksites.
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Synopsis: Using first-principles density-functional theory (DFT) calculations, we predict that low-
temperature fluorination of AA’Fe.O, (A = La*, Y», Lu~, Eu», In*; A’ = Ca», Sr», Ba*) oxygen-
vacancy-ordered perovskites can produce room-temperature multiferroics. DFT calculations
indicate that some of the resulting compounds should have robust antiferromagnetism, as well as
strong, switchable polarity from the hybrid improper mechanism. Furthermore, the magnitude of
the spontaneous polarization can be controlled by changing the size ratio of the A and A’ cations.
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