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ABSTRACT: Great effort has been devoted to developing single-phase magnetoelectric multiferroics, but room-temperature
coexistence of large electric polarization and magnetic ordering still remains elusive. Our recent finding shows that such polar
magnets can be synthesized in small-tolerance-factor perovskites 4FeO; with unusually small cations at the A-sites, which are
regarded as having a LiNbOs-type structure (space group R3c). Herein, we experimentally reinforce this finding by preparing a
novel room-temperature polar magnet, LiNbO;-type InFeO;. This compound is obtained as a metastable quench product from an
orthorhombic perovskite phase stabilized at 15 GPa and an elevated temperature. The structure analyses reveal that the polar
structure is characterized by displacements of In’* (¢'%) and Fe’" (4°) ions along the hexagonal c-axis (pseudocubic [111] axis) from
their centrosymmetric positions, in contrast to well-known perovskite ferroelectrics (e.g., BaTiO;, PbTiO;, BiFeO;) where &
transition-metal ions and/or 6s° lone-pair cations undergo polar displacements through the so-called second-order Jahn—Teller
(SOJT) distortions.  Using density functional theory calculations, the electric polarization of LiNbOs-type InFeO; is estimated to
be 96 pC/cm’ along the c-axis, comparable to that of an isostructural and SOJT-active perovskite ferroelectric, BiFeO; (90100
pC/ecm®).  Magnetic studies demonstrate weak ferromagnetic behavior at room temperature, as a result of the canted G-type
antiferromagnetic ordering of Fe’™ moments below 7y ~ 545 K. The present work shows functional versatility of
small-tolerance-factor perovskites and provides a useful guide for the synthesis and design of room-temperature polar magnets.

INTRODUCTION pair cations such as Pb®>" and Bi*" on the 4-site are often utilized

The search for single-phase materials combining a to induce the polar structures @n magnets_. Until recently,
spontaneous magnetization and a large electric polarization above however, rhombohedral perovskite-type BiFeO; and related
room temperature is an important direction in order to develop compounds (space group R3c) are only known to POSSeSs both
novel spintronic and memory devices. As for transition metal magnetic and dielectric orders at room temperature: bulk
perovskite oxides 4BOs, magnets usually require partially filled d BiFeO; exhibits G-type antiferromagnetic order Wl}"? an
shells of transition metals on the B-site to form localized magnetic Incommensurate spm-cyclmdq}_lé structure (Ty ~ 643 K)™* and
moments, whereas o’ B-site cations are a common source of polar ferroelectricity (7, ~ 1103 K) % this magnetic structure lea%s to
structural distortions that lead to electric polarizations. Because zero macroscopic magnetization, but cation substitutions ™ or
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of the conflict of electronic configuration requirements, 6s* lone strained thin films™ " suppress the cycloidal modulation to induce



a macroscopic magnetization due to a canting of the
antiferromagnetically ordered Fe* spins, so-called weak
ferromagnetism. The scarcity of the multiferroic phases at room
temperature has stimulated a lot of theoretical and experimental
work aimed at disclosing mechanisms to design polar magnets
without utilizing & or 6s® cations. Examples include extremely
small tolerance factors,' spin spirals,'*'* charge ordering,"® and
geometric improper and hybrid improper ferroelectricity.'®!”

Among these mechanisms, 4BO; perovskites with very small

tolerance factors, ¢, as defined by ¢ = (ry + ro) / (\/E (rg + o)),
where r4, r, and rg stand for the ionic radii of A-site, B-site and
O ions, respectively, have recently attracted much attention
because they possess robust polar structures (typically above 50
uC/em?) and allow incorporation of different magnetic
transition-metal ions in both the A4- and B-sites."**  These
perovskites contain unusually small 4-site cations and crystallize
in noncentrosymmetric polar space group R3c. The R3c
structure is derived from the cubic aristotype by a combination of
a notable magnitude of antiferrodistortive tilts of the BOg
octahedra about the pseudocubic [111] axis (a @ @ in Glazer
notation****) and the polar displacement of A-site cations along
the same axis.** Thus, it can be viewed as a grossly distorted
rhombohedral perovskite structure, often called a LiNbO;-type
structure. ~ Note that although the crystal symmetry of
LiNbOs-type compounds is the same as that of BiFeQO;, their
crystal structures are different from each other with respect to the
magnitude of tilting angle, ¢, about the pseudocubic [111] axis (or
equivalently, the c-axis in the hexagonal setting); ¢ = 13.8° for
BiFeO;,* whereas LiNbO;-type compounds have ¢ > 20° due to
the extremely small tolerance factors.”’” To stabilize the strongly
tilted BOg octahedral framework in the LiNbOs;-type structure,
high-pressure and high-temperature conditions are often required.

As a result of materials exploration using the high-pressure
synthesis technique, it is now possible to create a number of
LiNbO,-type and related polar magnets,'®!%29-3638-41:4849
addition, the polar structural distortion in the magnetic ordered
phases was predicted to induce weak ferromagnetism through the
Dzyaloshinsky—Moriya (DM) interaction,”™' leading to a
proposed mechanism for the electric field control of
magnetization.”> Despite these major developments, however,
above-room- temperature magnetic ordering was rarely observed
for LiINbO;-type magnets. To address this issue, we set out to
study a series of small-tolerance-factor AFeO; perovskites that

have potentially strong magnetic interactions in the Fe** sublattice.

Along this research direction, we have recently fabricated a
room-temperature polar magnet, LiNbO;-type ScFeOs;, by
locating small Sc¢** ions at the A-site,* although rare-earth ferrites
with a larger rare-earth R*" ion (R = La—Lu or Y) occupying the
A-site are known to be mnonpolar with an orthorhombic
perovskite-type structure (space group Pnma).”>>*  The magnetic
studies on LiNbO;-type ScFeO; revealed weak ferromagnetism up
to Ty = 545 K as a result of a canted G-type antiferromagnetic
ordering of Fe** spins. This finding suggests that incorporating a
small cation in the A-site of 4*'Fe**O5 perovskites provides an
avenue to design “room-temperature” polar magnets. To
confirm the generality of this idea, we here focus on an 4 = In
analog, i.e., InFeO;. Since the ionic radius of In** (0.800 A for
6-fold coordination®) is much smaller than those of R*" (R =
La—Lu or Y) ranging from 1.032 A to 0.861 A, it is anticipated
that InFeO; favors a polar structural distortion as far as the
perovskite-type structure is retained.

In this paper, we report on the high-pressure synthesis of a
new polar magnet with R3¢ symmetry, LiNbO;-type InFeO;.
According to early studies, InFeO; crystalizes in the YAIO;-type
structure (space group P6;/mmc) under ambient conditions®® and

adopts the corundum-type structure (space group R3 c¢) at 6 GPa
and 1200 °C."® Here, we demonstrate successful synthesis of
the R3¢ phase by using higher pressure (~15 GPa) at elevated
temperature (above 1000 °C). The structural analyses and
magnetic and optical characterizations prove the validity of our
idea, i.e., the coexistence of polar structural distortion and weak
ferromagnetism at room temperature. We make some structural
comparisons between R3¢ InFeO; and related compounds, which
are of relevance to their physical properties. The mechanism of
inversion symmetry breaking in R3¢ InFeOs; is of particular
interest because there are neither @® nor 6s® cations. Thus, the
Born effective charges and electric polarization are evaluated by
using the density functional theory (DFT) calculations to examine
the origin of polar structural distortion. We also estimate the
magnetocrystalline anisotropy energy using the DFT calculations
to obtain an insight into the magnetic structure. The overall
results indicate that R3¢ InFeO; is a promising candidate as a
room-temperature magnetoelectric material.

2. EXPERIMENTAL SECTION

Polycrystalline InFeO; was prepared by the solid-state
reaction under high pressure and high temperature.
Reagent-grade InyO3 (99.999 %, Kojundo Chemical) and Fe,O;
(99.99 %, Kojundo Chemical) were used as starting materials.
The stoichiometric mixture of In,O; and Fe,O; powders was first
ground in an agate mortar. The powder mixture was then placed
into a Pt capsule and put into a high-pressure cell. The
high-pressure and high-temperature treatment was performed at
15 GPa and 1450 °C using a Kawai-type high-pressure apparatus.
After being treated for 30 min, the sample was cooled to room
temperature in a few minutes, and the pressure was slowly
released.

Synchrotron X-ray diffraction (SXRD) data were collected at
room temperature using a large Debye-Scherrer camera with an
imaging-plate-type detector, installed in the BL02B2 beamline at
SPring-8.  The incident beam was monochromated at 1 =
0.65014 A. The finely ground powder sample was housed in a
Lindemann glass capillary tube with an inner diameter of 0.2 mm
and was continuously rotated during measurements to reduce the
effect of preferential orientation. The structural parameters were
refined by the Rietveld analysis® using the FullProf program.®
In the refinement, an absorption correction was applied using ur =
0.7."  In-situ SXRD was measured under high pressure and high
temperature using a Kawai-type apparatus SPEED-1500 installed
in the BL04B1 beamline at SPring-8.°> White X-ray was used as
the incident beam and a solid-state germanium detector was
utilized for data collection. The X-rays diffracted from the
sample were collected at a fixed 20 angle of about 5° by the
energy dispersive method. MgO sleeve, in which the sample
was enclosed, was used as the pressure marker; that is, the applied
pressure was evaluated from the lattice parameters of MgO using
an equation of state.” Variable-temperature neutron powder
diffraction (NPD) data were recorded using the time-of-flight
(TOF) diffractometer WISH at ISIS neutron facility®® and the
high-intensity powder diffractometer WOMBAT (1 = 2.41351 A)
at ANSTO’s OPAL facility. A 40-mg sample was put in an
evacuated vanadium can for the experiments on WISH, while a
100-mg sample was inserted in a He-filled vanadium can for the
measurements on WOMBAT. The nuclear and magnetic
structures were refined by the Rietveld analysis using the FullProf
suite®® and drawn by VESTA.%

A second-harmonic generation (SHG) response was examined
at room temperature using a pulsed Nd:YAG laser (4: 1064 nm,
pulse duration: 25 ps, repetition rate: 10 Hz) as the light source.
Magnetization data were obtained with a SQUID magnetometer



(Quantum Design, MPMS). The magnetic-field dependence of
magnetization was measured at 5 and 300 K. *'Fe Mdssbauer
spectroscopy was performed in a transmission geometry using a
5'Co/Rh radiation source at various temperatures. The
calibration for a velocity scale was referred to a-Fe foil measured
at room temperature.

To estimate the Born effective charges and electric
polarization, the first-principles calculations were performed
using the projector augmented-wave (PAW) method®®®” and the
PBEsol functional® as implemented in the VASP code.*”® The
PAW data sets with radial cutoffs of 1.7, 1.2 and 0.8 A for In, Fe,
and O, respectively, were used with a plane-wave cutoff energy of
700 eV. The following states were described as valence
electrons: 4d, 5s and 5p for In; 3p, 3d, 4s for Fe; and 2s, 2p for O.
We assumed a centrosymmetric R3¢ perovskite-type structure as
a higher-symmetry parent structure. [-centered k-point mesh
sampling of 6 x 6 X 4 was used for the 30-atom conventional
hexagonal wunit cell. The lattice constants and internal
coordinates were optimized under the constraint of the symmetry
until the residual stress and force converged to less than 0.003
GPa and 0.001 eV/A, respectively. According to our
experimental results (see section 3.4), we employed a G-type
antiferromagnetic configuration where the Fe spins are aligned
ferromagnetically within the layers and antiferromagnetically
between the layers. The Born effective charge tensor of atom s,
Z",, in the parent R3c structure was calculated by density
functional perturbation theory, and the total electric polarization
for the polar R3c structure was derived from the following
equation;”"

@

where e is the elementary charge, V' is the unit-cell volume, and
is the displacement of atom s away from its position in the R3¢
structure. To explore the magnetic structure, we also calculated
the magnetocrystalline anisotropy energy using the spin-orbit
coupling implementation of DFT. The calculation method is
detailed in Supporting Information (SI), section S1.

3. RESULTS

3.1 Crystal Structure Analysis. Figure la shows the
room-temperature SXRD pattern of sample recovered to ambient
conditions from 15 GPa and 1450 °C, together with the result of
the Rietveld refinement. The diffraction pattern can be indexed
in rhombohedral symmetry. Considering the reflection
conditions in the (obverse) hexagonal setting (=& + k + [ = 3n for
hkil, h+1=3nand [ =2n for hh0l, | = 3n for hh2h 1, and [ = 6n
for 000/ (n: integer)), the possible space group is either
noncentrosymmetric polar R3¢ or centrosymmetric nonpolar R3c.
A small amount of unknown phases is observed with intensities
less than 2% of the main peak of the rhombohedral phase (Figure
S1). The R3c phase possesses a completely ordered arrangement

of A- and B-site cations, whereas the R 3 ¢ phase is characterized
by their disordered arrangement. Because of the large X-ray
scattering contrast between In and Fe atoms, SXRD analysis
should give accurate information about the cation occupancy in
the rhombohedral phase. Rietveld refinement was carried out
with the cation-ordered LiNbOs-type structure (polar R3c), with
In atoms placed at 6a site (0, 0, z), Fe atoms at 6a (0, 0, 0), and O
atoms at 18b (x, y, z), and also with the cation-disordered
corundum-type structure (centrosymmetric R 3 ¢), with In/Fe
atoms placed at 12c¢ site (0, 0, z) and O atoms at 18e¢ (x, 1/3, 1/12).
The refinement with the LiNbO;-type R3¢ model yields a much
better fit (R,, = 10.6% and Rg = 2.9%) when compared to the

corundum-type R3¢ model (R, = 31.5% and Ry = 20.0%). We
also checked SHG activity on the powder sample with an average
particle size of 25 um (Figure S2) and observed an intense SHG
response indicative of the presence of the noncentrosymmeric
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Figure 1. Rietveld refinement of (a) SXRD data at room temperature (1 =
0.65014 A) and (b) TOF NPD data at 600 K (bank 2 data, 20 = 121.68°)
for the InFeO; sample recovered to ambient conditions from 15 GPa and
1450 °C, showing the observed (red crosses) and calculated (green solid
lines) profiles and the difference between the observed and calculated
profiles (blue solid lines). The green ticks correspond to the positions of
the calculated Bragg reflections for LiNbOs-type InFeO;. In panel a,
unknown peaks are excluded in the refinement. In panel b, a vanadium
peak at d ~ 2.15 A originating from the sample holder is excluded in the
refinement.

structure; the SHG intensity is approximately 3 times larger than
that of a-quartz standard sieved into the same particle size range
(2045 pum). These results allow us to conclude that the
rhombohedral phase has the polar R3¢ symmetry.

Following these results, we analyzed variable-temperature
NPD data recorded on WISH@ISIS and WOMBAT@ANSTO.
In the analysis, the TOF NPD data on WISH were given high
priority because of the better counting statistics and resolution
over a wide d-range. As described in section 3.4, both nuclear
and magnetic reflections are observed at temperatures up to 540 K
as a result of the magnetic ordering of the Fe®" sublattice.
Therefore, 600 K data including only nuclear reflections were
initially checked (Figure 1b). Such a high temperature may
induce a transition into a parent paraelectric phase, but our
attempt to refine the data with a centrosymmetric perovskite
(non-corundum) R3¢ model,”* where In atoms are located on 6a
site (0, 0, 1/4), Fe atoms on 6b (0, 0, 0), and O atoms on 18e (x,
1/3, 1/12), leads to poor refinement quality (R,,, = 17.0% and Rg =
12.3%). Rather, the polar R3c structure provides the better fit
(Rwp = 11.4% and Ry = 4.4%) as shown in Figure 1b, indicating
the persistence of the structural polarity even at 600 K. Since the
coherent neutron scattering lengths of In (4.065 x 10> m) and Fe
(9.450 x 107" m) are quite different from each other and neutrons
are sensitive to oxygen, NPD should be more advantageous than
SXRD for the analysis of site occupancies of InFeO3;. When the
occupancy factors of cation and anion sites in the polar R3¢ model



are allowed to vary, they remain approximately unity at 600 K
[¢(In) = 1.008(18), g(Fe) = 1.012(9), and g(O) = 0.991(7)],

inductively coupled plasma shows a cationic ratio of
In; goFe, g6, consistent with the nominal composition
within the expected errors.  Hence, the site
occupancies are fixed to the stoichiometric values in
the final refinements of SXRD and NPD data. For
the TOF NPD data in the temperature range of 5 to
600 K, the nuclear reflections are reasonably refined
with the stoichiometric R3¢ structure, while a
magnetic structure is involved in the refinement for
T <540 K (see section 3.4).

The  refined structural  parameters  of
LiNbO;-type (R3c) InFeO; at selected temperatures
are listed in Table 1. Hereafter, we use the
structural parameters at 300 K derived from the TOF
NPD analysis. The calculated density for R3c
InFeO; (6.45 g/em’) is significantly larger than that
for the ambient-pressure phase, YAIO;-type
(P6y/mmc) InFeO; (6.22 g/em’)*® and even larger
than that for the high-pressure phase, corundum-type
(R3¢) InFeO; (6.39 g/cm®), obtained at 6 GPa and
1200 °C.”  The bond valence sum (BVS)”
calculated from the refined bond lengths is 2.92 for
In and 2.79 for Fe, implying a cation formal
oxidation state of In*"Fe**0;.

A polyhedral representation of the crystal
structure refined against the TOF NPD data at 300 K
is shown in Figure 2a. The In and Fe atoms occupy
six-coordinated 4- and B-sites to form InO4 and
FeOg octahedra, respectively. As expected for the
LiNbO;-type structure, there exist the corner-shared
frameworks of InOg and FeOg4 octahedra, which are
interpenetrated via edge-sharing octahedral dimers in
the ab-plane and face-sharing octahedral pairs along
the c-axis. To relax a cation-cation repulsion in
face-sharing octahedral pairs, In and Fe atoms are
off the centers of their octahedra in opposite
directions along the c-axis, generating three short
and three long metal-oxygen bonds in the respective
octahedron (Figure 2b). The octahedral distortion
is estimated by following

the
" E "l

d; is the individual bond length, and < d > is the
average bond length. We obtain 4 = 18.8 x 107
and 147 x 107" for InOg and FeOg octahedra,
respectively. The magnitudes of their
intraoctahedral distortions are comparable to those
for ScOg (4 = 6.1 x 10*) and FeOg (4 = 21.0 x 107%)
in LiNbOs-type (R3c) ScFeO;, respectively.”’
Obviously, R3c InFeOs;, as well as R3c ScFeOs;,
possesses highly distorted FeOg4 octahedra as a result
of off-centering of the central cation, unlike
orthorhombic (Pnma) perovskites RFeO; with nearly
regular FeOg octahedra (4 ~107°).5%3

In light of the small-tolerance-factor perovskite,
a structural feature of R3¢ InFeO; (¢ = 0.81)
manifests itself in a notable magnitude of FeOg
octahedral tilt. The Fe—O—Fe bond angle is a =
138.7(2)°, showing a very large deviation from the
ideal value of 180°. The tilting angle of FeOg
octahedra about the c-axis (or pseudocubic [111]
axis) is estimated to be ¢ = 27.3(2)°, which is close
to ¢ ~ 30° for R3¢ ScFeO5 (¢t = 0.79),* but is much

indicating the fully In/Fe ordering as well as the absence of
oxygen deficiency. Complementary elemental analysis using
larger than ¢ = 13.8° for R3¢ BiFeO; (r = 0.91).* Note that the tilting angles
for R3¢ InFeOs; and ScFeO; with extremely small ¢ values satisfy the condition
@ > 20° as commonly observed for LiNbO;-type compounds.*’

Table 1. Lattice Parameters, Atomic Coordinates, Atomic Displacement Parameters,

and Magnetic Moments of LiNbO;-Type InFeO; Obtained from TOF NPD (5 K, 300
K, and 600 K) and SXRD (Room Temperature) Data.”

Atom 5K 300 K 600 K RT
TOENPD  TOFNPD  TOF NPD SXRD
alA 5.27022(10) 5.27633(11) 5.28758(14)  5.271952(14)
c/A 13.9822(4)  14.0047(4)  14.0462(5) ~ 13.99453(5)
In z 0.2169(2) 0.2171(3) 0.2166(3) 0.21655(7)
100x Uy, /A2 0.9(4) 1.8(4) 1.9(4) 0.521(19)
Fe 100x U, /A 2.0Q2) 2.07(17) 2.34(19) 0.47(4)
u lup 3.95(3) 3.22(3)
0 x 0.0293(10)  0.0289(9) 0.0271(12)  0.0317(6)
y 0.3161(10)  0.3149(10)  0.3133(12)  0.3119(5)
z 0.0992(8) 0.1010(6) 0.1010(6) 0.1014(3)
100x Uy, /A2 2.06(19) 2.21(15) 2.73(18)
100x Uy, /A 0.38(6)
Rup! % 10.7 10.8 11.4 10.6
Rg nuclear /% 4.04 4.19 441 2.92
Ry magnetic /% 2.96 3.20
b 1.54 1.06 1.09 3.74

“Hexagonal, space group R3¢ (No. 161), Z = 6, with atoms in the following positions: In,
6a (0, 0, z); Fe, 6a (0, 0, 0); O, 185 (x, y, z). In the structure refinements, the occupancy
parameters are fixed to unity for all the atoms. For TOF NPD data, the positions of all
the atoms are refined with anisotropic displacement parameters Uy (see Table S1). For
SXRD data, the In and Fe positions are refined with Uj (see Table S1), while the O
position is treated with an isotropic displacement parameter Ui, Equivalent isotropic
displacement parameter U is defined as one-third of the trace of the orthogonalized Uj
tensor. The magnetic moment x is refined for the TOF NPD data at 7 < 540 K.

(@)
2,088(5) A
InOy 2 71S{B) A
Fely ‘
2420 A
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Figure 2. (a) Polyhedral representation of the crystal structure of LiNbO;-type InFeOs
refined against the TOF NPD data at 300 K. Green, blue, and red spheres represent In,
Fe, and O atoms, respectively. (b) Local coordination environment of InOs and FeOg
octahedra stacked along the hexagonal c-axis, showing a face-sharing octahedral pair.

3.2 Estimate of Electric Polarization. Given the relative displacements
of the constituent ions away from their centrosymmetric positions, it is possible
to estimate the electric polarization by using the formal charges of the ions.
The refined structure of R3c InFeO;, as compared to the parent
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Figure 3. Polar R3¢ structure of InFeOs (right) in comparison with the
centrosymmetric R3¢ structure (left) corresponding to the rhombohedral
perovskite-type structure with a a a  tilt system: green, blue, and red
spheres represent In, Fe, and O atoms, respectively. In R3¢, the
displacements along the hexagonal c-axis of In and Fe atoms away from
their centrosymmetric positions in the atomic coordinates are denoted as
0z and Jzg, respectively.

tensors, Z',, and the electric polarization, Pggc, using DFT
calculations. The obtained values of dz,, dzg, Pin, and Pggc are
listed in Table 2, together with those for four other known
LiNbOs-type (R3¢) compounds, LiNbO,,” ZnTiOs,*” ZnSn0s,*
and ScFeO3.39 Table 3 presents the Z*aﬂ tensors in Cartesian (x, y,
z) coordinates for InFeO,, with the z-axis along the ¢ direction, the
y-axis in a gliding plane perpendicular to the a-axis, and x along
a.

The electric polarization of InFeO; calculated by using 7', is
along the z-axis (or ¢ direction) with P = 96 pC/cm?, in good
agreement with the corresponding value in the point charge model,
Pion= 82 pC/em®. The zz elements of Z'y (Z'1, = +3.51, Z'pe =
+3.60, and Z'g = —2.37) are similar to their formal charges,
indicating that each ion carries an effective charge close to the
formal charge during the displacement. Namely, the polar
structural distortion is not accompanied by charge transfer
between cations and anions, suggesting the minor contribution of
the second-order Jahn-Teller (SOJT) effect driven by
cation-anion orbital overlap or covalency.” This is in striking
contrast to well-known perovskite ferroelectrics (e.g., BaTiOs,
PbTiO;, and BiFeO;), where the cation-anion charge transfer
causes strong SOJT distortions and hence anomalously large
magnitudes of effective charges.”®’® One can see also from
Table 2 that the main displacements in all the compounds are for
the A-site cations, accompanied by the smaller B-site cation
displacements in the same direction. Interestingly, InFeOj
shares a common feature with ScFeO; in that the large
displacement of the A4-site cation, along with its high charge (+3),
is significant for the sizable polarization.

3.3 Phase Transition at High Pressure and High
Temperature. LiNbO;-type InFeO; provides a rare example
where ftrivalent cation pairs are fully ordered on a single
crystallographic site (6a site) in the R3¢ structure. To obtain an
insight into this fact, we measured in-situ energy-dispersive
SXRD under high-pressure and high-temperature conditions so
that the phase evolution could be examined. A representative
result is displayed in Figure 4. In this experiment, a
stoichiometric mixture of In,O; and Fe,O; powders was used as
the starting material. At 14.1 GPa and room temperature, two
phases composed of In,O; (bixbyite-type) and Fe,O3
(corundum-type) are detected as broad peaks in the diffraction
pattern, due to the lowering of crystallinity under the high-
pressure condition. As the temperature is increased to 800 °C,

centrosymmetric R 3 ¢ structure,”” is characterized by the
displacements along the hexagonal c-axis of In*" and Fe** ions with
respect to the surrounding oxide ions (see Figure 3). Using the
formal charges of cations (+3) and their shifts along the c-axis in
atomic coordinates (denoted by Jz, and Jzg), we calculated the
electric  polarization in a point charge model, Py,
For a more detailed discussion, we also estimated the Born effective charges

Table 2. Comparison of Polar Cation Displacements (dz and dzg) and
Calculated Electric Polarizations (P, and Pgec) Among Various
LiNbO3-Type (R3c) Compounds.”

Compound O0Za Oz Pion / pC cm? Ppic / uC cm?
InFeO;  0.0506  0.0177 82 96
ScFeO;*  0.0607  0.0212 100 107
ZnTiO;”  0.0487  0.0196 75 88
ZnSnO;™  0.0483  0.0124 59 65
LiNbO;™  0.0487  0.0200 67 76

“The centrosymmetric R 3 ¢ perovskite-type structure is used as the parent
structure. 0z and dzp represent the displacements along the hexagonal
c-axis of A- and B-site cations with respect to the surrounding oxide ions
in the atomic coordinates, respectively (see Figure 3). P, is the
polarization calculated by using the formal charges of ions and their
relative displacements along the c-axis. Pppc is the polarization
calculated by using the Born effective charges (see section 2).

*

Table 3. Born Effective Charges Tensors, Z ,, in Cartesian
Coordinates for Representative Five Atoms in R3¢ InFeO,.”

Atom Zap

In, 3.54 0.00 0.00
0.00 3.54 0.00
0.00 0.00 3.51

Fe, 3.98 —-0.16 0.00
0.16 3.98 0.00
0.00 0.00 3.60

0O, -2.21 0.00 0.00
0.00 -2.80 -0.56
0.00 -0.61 -2.37

0, -2.65 -0.25 0.49
-0.25 -2.36 0.28
0.53 0.30 -2.37

05 -2.65 -0.25 0.49
-0.25 -2.36 0.28
0.53 0.30 -2.37

“In Cartesian (x, y, z) coordinates, the z-axis is along the hexagonal ¢
direction, the y-axis is in a gliding plane perpendicular to the g-axis, and x
along a.
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Figure 4. In situ SXRD patterns of InFeO; measured by the
energy-dispersive method: a pressure of 14.1 GPa was applied to a
mixture of In,O; (bixbyite-type) and Fe,O; (corundum-type) at room
temperature (lower) and then the temperature was increased to 800 °C
(upper). Pv denotes the orthorhombic perovskite. MgO is the pressure
maker.

the solid-state reaction proceeds between In,O; and Fe,O; and
leads to the formation of another crystalline phase. The
diffraction pattern can be indexed in an orthorhombic
perovskite-type structure with a space group of either Pnma or
Pn2ia. Although corundum-type InFeO; was obtained at 6 GPa
and 850 °C,” our investigation demonstrates that applying higher
pressures up to 15 GPa yields a new polymorph, orthorhombic
perovskite-type InFeO;. The orthorhombic perovskite is
unquenchable to ambient condition but instead transforms into the
polar R3¢ phase, LiNbOs-type InFeOs, as shown in section 3.1.
Consequently, LiNbO;-type InFeO; is not a high-pressure stable
phase but a metastable quench product from the high-pressure
phase. A similar phase transformation was observed in the
formation process of LiNbOs-type oxides such as MnTiO;,>
MnSnOs,? FeTiO;,%* and ScFeO;.%

So far, transition-metal perovskite oxides containing In** ions,
such as InCrO;,” In,NiMnOg,* and InRhO,;,%' have been
synthesized by using high pressure and high temperature
conditions. The structural refinements for these compounds
revealed that In*" ion has a strong preference for A-site occupation
in the orthorhombic perovskite-type structure. This also should
hold for the present case, i.e., orthorhombic perovskite InFeOs,
although its structural refinement was impossible to perform
because of the poor data quality of energy-dispersive SXRD
profiles. The phase transformation upon decompression occurs
as a result of a change in the FeO4 octahedral tilt pattern from
a b'a” (in Pnma or Pn2,a) to a a a (in R3c) and therefore does
not necessarily involve the change in the cation distribution
between the 4- and B-sites. It is thus considered that the
pressure-induced stabilization of the orthorhombic perovskite
phase with In*" and Fe** ions fully ordered on the A- and B-sites is
a key step to synthesize LiNbOs-type InFeOs.

3.4 Magnetic Properties. Figure 5 shows >’Fe Mdssbauer
spectra of LiNbO;-type InFeO; at various temperatures. The
spectrum at 4 K consists of a well-defined magnetic sextet,
indicating the presence of long-range magnetic ordering. As the
temperature is raised, the magnetic splitting decreases gradually
and collapses into a paramagnetic doublet at 516 K. These
spectra were analyzed by least-squares fitting using the
Lorentzian function. The obtained Mssbauer parameters at 4 K,
room temperature, and 516 K are summarized in Table 3. The
isomer shift (IS = 0.36 mm s™') and hyperfine field (HF = 460
kOe) at room temperature are indicative of the high-spin state (S =
5/2) of Fe*" jon. The quadrupole interaction estimated from the
magnetically split spectra, which is equal to S} — S, in Figure 5, is

almost temperature independent (e.g., 0.36 mm s ' at room
temperature), and is very close to the quadrupole splitting in the
paramagnetic state at 516 K (QS = 0.40 mm s '), suggesting the
alignment of Fe*" spins perpendicular to the hexagonal c-axis,
corresponding to the principal axis of the electric field gradient.*”
We also find that the absolute value of QS is nearly an order of
magnitude larger than those of orthorhombic perovskites RFeO3
(R = La—Lu and Y) with nearly regular FeOg octahedra (typically
below 0.02 mm s ').% This result means that the oxygen
octahedral coordination for Fe** ions in LiNbOs-type InFeOj; is
highly asymmetric with a large electric field gradient, consistent
with the aforementioned structural data showing the strong
off-centering distortion of FeOy octahedra.

Temperature evolution of TOF NPD patterns measured on
WISH is displayed in Figure 6a. For the paramagnetic state at
600 K, all the diffraction peaks are ascribed to the nuclear
reflections (see also Figure 1b). As the temperature is lowered,
additional peaks appear at d = 4.66 A and 4.34 A and grow in
intensity. This observation, together with the result of
variable-temperature Mossbauer spectra, indicates that the two
peaks are of magnetic origin. These magnetic reflections are

543K I\Ef

516 K

Transmission (arb. units)
-l
-
-3
7,

Velocity / mm s

Figure 5. *’Fe Mossbauer spectra of LiNbO;-type InFeO; at various
temperatures. The dots represent the experimental data, and the solid red
lines the total fits. S} and S, denote the relative shifts of the peaks.

Table 4. Hyperfine Parameters (IS, QS, and HF) of Fe Mdssbauer
Spectra for LiNbOs;-type InFeO3.”

Temperature IS (mms) QS (mms™) HF (kOe)
4K 0.48 0.36° 540
RT 0.36 0.36° 460
516 K 0.22 0.40 0

“IS, QS, and HF denote the isomer shift, quadrupole splitting, and
hyperfine field, respectively. “QS at 4 K and room temperature is
defined as a difference of S; and S,, S; — S,, as shown in Figure 5.
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Figure 6. (a) Temperature evolution of TOF NPD (bank 2 data, 260 =
121.68°) for LiNbO;-type InFeO;, showing the magnetic reflections 0003
and 1011. (b) Rietveld refinement of TOF NPD data at 5 K, showing the
observed (red crosses) and calculated (green solid line) profiles and the
difference between the observed and calculated profiles (black solid line).
A vanadium peak at d ~ 2.15 A originating from the sample holder is
excluded in the refinement. The upper and lower ticks correspond to the
positions of the calculated nuclear and magnetic Bragg reflections for R3¢
InFeOs, respectively.

indexed as 0003 and 101 1, respectively, with a propagation
vector k = 0; that is, the magnetic cell is equivalent to the
chemical cell. Representation analysis on the R3¢ space group
with Jana2006** shows that the magnetic representation
decomposes into three one-dimensional irreducible
representations (irreps) as I’ =1, + [ + 4I3. The irreps /| and
I, represent antiferromagnetic and ferromagnetic spin orders
along the c-axis, respectively, and these models fail to reproduce
the emergence of two magnetic reflections. The irrep 73 is
composed of four basis vectors that dictate antiferromagnetic and
ferromagnetic spin orders in the ab-plane. Upon comparing the
different solutions, a good fit of the experimental data is obtained
with a combination of /5 basis vectors (see Figure 6b), which
describes a G-type antiferromagnetic ordering with the Fe**
moments lying in the ab-plane, as shown in Figure 7a. The
magnetic structure is consistent with the Mdssbauer analysis
showing the Fe®* spins oriented in directions perpendicular to the
c-axis. The TOF NPD data for 5 < 7 < 540 K can be reasonably
refined by using the magnetic structure depicted in Figure 7a.
Successful refinements are also confirmed for the NPD data
recorded at WOMBAT (Figures S3 and S4 and Table S2). The
refined magnetic moment at 5 K is # = 3.95(3) ug / Fe from the
WISH data and x = 3.92(8) ug / Fe from the WOMBAT data.
These values are lower than the ideal value of 5 ug expected for
high-spin (S = 5/2) Fe*" ions.

Using the spin-orbit coupling implementation of DFT, we
estimated the magnetocrystalline anisotropy energy for the G-type
antiferromagnetic structure optimized at 5 K. One can see from
Figure 7b that the hard magnetic direction is along the c-axis and
an easy direction of magnetization is in the ab-plane. In other
words, the Fe*" moments are expected to align perpendicular to
the c-axis, which agrees with the experimental description of the
magnetic structure. Thus, the smaller-than-expected magnetic
moment may be related to the spin-orbit coupling, and this should

cause the antisymmetric exchange for certain low symmetries,
so-called DM interaction. ™!

Given the absence of inversion center between
nearest-neighboring Fe** ions, the symmetry allows a canting of
antiferromagnetically ordered Fe®" spins through the DM
exchange, resulting in a macroscopic magnetization, i.e., weak
ferromagnetism. Figure 8 shows the magnetic field dependence
of magnetization at 5 and 300 K. Weakly ferromagnetic signals
are clearly observed in the antiferromagnetically ordered state (T
< 540 K). The saturation moment of the ferromagnetic
component at 5 K is ~0.03 pg / Fe, indicating a canting angle of
~0.2° of antiferromagnetically ordered Fe** (S = 5/2) spins. The
presence of such a small spin canting is far below the detection
limits of the NPD technique; indeed, no significant improvement
to the fit was found by considering the spin canting.

4. DISCUSSION

4.1 Magnetic Transition. Magnetic characterization for
LiNbO;-type (R3c) InFeO; (section 3.4) reveals a weak
ferromagnetic (canted antiferromagnetic)—paramagnetic transition
well above room temperature. We examined the critical behavior
of the magnetic transition using the temperature-dependent
magnetic moments derived from NPD data, the result of which is
Figure 9. It is found that the temperature dependence of
magnetic moments derived from WISH and WOMBAT data is
almost the same as each other. The temperature dependence of
magnetic moment in the vicinity of the Néel temperature, Ty, is
expressed as u(7) = u(0) (1 — T/TyY, where 1(0) is the magnetic
moment at 0 K, and £ is the critical exponent. Here, we adopt
the WOMBAT data because of the presence of more data points
around 7y. The fitting to the experimental data between 400 and

Figure 7. (a) Magnetic structure of LiNbOs;-type InFeO;. Green, blue,
and red spheres represent In, Fe, and O atoms, respectively, highlighting
the three-dimensional network of corner-sharing FeOs octahedra.
Orange arrows denote the direction of the magnetic moment of Fe**. (b)
Magnetocrystalline  anisotropy  energy  calculated for  G-type
antiferromagnetic LiNbO;-type InFeOs;. The three-dimensional shape
shows that the easy direction of magnetization is in the ab-plane.
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Figure 9. Temperature dependence of the magnetic moment of
LiNbO;-type InFeO; refined by TOF NPD at WISH (open circles) and
NPD at WOMBAT (solid circles). The solid curve represents the critical
law fitting to WOMBAT data. The inset shows the temperature
dependence of hyperfine field (open squares) and the critical law fitting
(solid line).

540 K gives u(0) = 4.6(2)us, Tn = 545(1) K, and S = 0.346(3).
The critical exponent is close to the theoretical value for a
three-dimensional XY magnet (f = 0.34), consistent with the
magnetic structure where Fe*" spins lie in the ab-plane (see Figure
7). We also performed the power-law fitting to temperature-
dependent Mdssbauer hyperfine fields between 400 and 500 K
(see the inset of Figure 9). The estimated Néel temperature of
Ty = 510.1(1.2) K is only slightly lower than that determined by
NPD, and the critical exponent of f = 0.329(12) is almost the
same as that derived from the NPD investigation. Such critical
behavior has been also found in the vicinity of Ty for R3c
MnTiO; (8 = 0.38),% R3¢ BiFeO; (8 = 0.37),% and Pnma RFeO;
(R=La-Lu,and Y, = 0.34-0.36).%

Since both LiNbO;-type 4FeO; (4 = In and Sc) and
orthorhombic perovskites RFeO; (R = La-Lu, and Y) have a
corner-shared FeOg network, it is interesting to investigate the
relation between the Fe—O-Fe bond angle, o, and the magnetic
transition temperature, 7y. The value of 7y for InFeOj; is
comparable to that for ScFeOs (Ty = 545 K),* but is lower than
those for RFeO; (Ty = 740-623 K).**  Given the smaller
Fe—O—Fe bond angles in InFeO; (a = 139°) and ScFeO; (a =
135°)* in comparison with RFeO; (a = 157-141°),"* the
reduction in Ty for InFeO; and ScFeOj is ascribable to weakened
superexchange interactions. Here, it is worth emphasizing that

InFeO; and ScFeOs still have magnetic transition temperatures
much higher than room temperature, although other known
LiNbO;-type magnets have been reported to exhibit the magnetic
ordering below room temperature; e.g., 7y = 110 K for FeTiO3,”
Ty = 24 K for MnTi0;,*% and Ty = 22 K for Zn,FeTaOs.*
Recently, Belik et al*® reported the magnetic transition
temperature close to room temperature (7y = 270 K) for
LleO3-type (Inlfox)MO3 (X ~ 0111—0176, M= Feo_5Mno_5).
The M—O-M bond angle, a = 138°, is not so different from those
for InFeO; and ScFeO;, but the presence of equal amounts of
Mn*" and Fe** ions on the B-sites makes the Mn®" (S = 2)-O—Fe*"
(S = 5/2) superexchange interaction dominant, rather than the Fe**
(S8 = 5/2)-O-Fe** (S = 5/2) superexchange one, which
significantly lowers the magnetic transition temperature compared
to ScFeO; and InFeO;.  This highlights the importance of the full
occupancy of the B-site by Fe®*  ions to achieve
above-room-temperature magnetic ordering.

4.2 Role of A-site Cation in Stabilizing Polar Structural
Distortions. As described in section 3.2, a sizable electric
polarization of 96 pCl/em’® is predicted for R3¢ InFeOs.
Remarkably, the polarization value is comparable to that of an
isostructural and SOJT-active perovskite ferroelectric, R3c
BiFeO; (90-100 pC/cm?).””7%  Thus, it is of great interest to
compare the role of the A-site cation in stabilizing the polar
structural distortion between BiFeO; and InFeO;. In BiFeO;, the
orbital overlap between Bi 65 and O 2p states results in a set of
bonding and antibonding states, both of which are filled. The
occupied antibonding levels are stabilized by the mixing further
with Bi 6p states, which lie in the conduction band. For s and p
states of different parity, the sp mixing is allowed if the cation site
does not possess inversion symmetry.”® The overlap between the
Bi 65/6p and O 2p orbitals results in the stereochemical activity of
the Bi’* lone pair and induces an SOJT distortion to the polar
R3¢.” The role of the charge transfer through cation-anion
orbital overlap manifests itself in the Born effective charges,
which can be interpreted as the amount of charge that effectively
contributes to the polarization during the displacement of a given
ion,* or the change in covalency with respect to the displacement
of a given ion. The redistribution of the electrons between
covalently bonded cation—anion pairs upon ionic displacements
leads to anomalously larger Born effective charges in magnitude
relative to their formal charges. For BiFeO;, the Born effective
charge of Bi cation (Z'p; = +4.92) is much larger than its formal
charge (+3), leading to a larger polarization than would arise from
the ionic component alone.””’®

In the case of InFeOs;, however, the lone-pair-driven
mechanism cannot be expected because the A-site In*" ion has a
fully filled 4d electronic structure, 4d'°. Indeed, a very small
contribution of the charge transfer in In-O bonds manifests itself
in the Born effective charges close to their formal charges as seen
in Table 3. Similarly, the orbital overlap in Fe—O bonds, while it
plays a role in the spin-orbit coupling, is not indicative of
anomalies in the Born effective charges (see Table 3). As a
result, the large polarization in InFeOs evolves in such a way as to
stabilize electrostatically the coordination environments about
both the 4- and B-sites, unlike in BiFeO;. This is also applicable
to a recently developed Sc analog, R3¢ ScFeOs.*°  Although the
A-site Sc** ion does not possess a lone pair of electrons, a large
electric polarization of Pggc = 107 puC/em?® is predicted. No
significant anomalies are found in the Born effective charges; Z's.
=335and Z'y. = 3.37, and Z'o = —2.22. The occurrence of the
large polarizations in the two compounds containing no lone-pair
A-site cations confirms a common mechanism underlying the
structural distortions to R3c.

Recent first-principle calculations in combination with
symmetry  arguments have shown that most of



small-tolerance-factor R3¢ perovskite oxides (i.e., LiNbO;-type
oxides) belong to a family of A-site driven geometric
ferroelectrics where the A-site cation displacements from the
centrosymmetric R3¢ to the polar R3c arise entirely from the
electrostatic  interactions.'? The A-site cations are nine-
coordinated in R3 ¢, with three short in-plane oxide ions and six

long out-of-plane oxide ions (see Figure 3). When R3¢ has a
noticeable magnitude of the a a a octahedral tilts, the A-site
cations become electrostatically unstable because they are too far
from the out-of-plane oxide ions; namely, the 4-O bonds are
virtually confined to the three in-plane oxide ions, meaning that
the A-site is underbonded. This instability drives the A-site
cations to move toward three of the six out-of-plane oxide ions in
order to form InOg octahedra, which gives rise to the polar
distortion to R3c. In addition to the A-site cation size (i.c.,
tolerance factor ), the 4-site cation valence will have an impact
on the relative stability of R3 ¢ and R3c through the 4-O
Coulomb interactions. As argued by Xiang,”® when the higher
valence cations are incorporated in the 4-site, R3 ¢ is even more
unstable against R3¢ because of the increased Coulomb
interaction. This may explain why the trivalent 4-site cations in
InFeO; and ScFeO; undergo the larger polar displacements
compared to the divalent or monovalent A-site cations in other
compounds such as ZnTiOs, ZnSnO;, and LiNbO; (see Table 2).
The A-site cation displacements are inevitably accompanied by
the off-centering BOg distortion through an electrostatic Coulomb
repulsion between cations in the face-sharing octahedra stacked
along the hexagonal c-axis (see also Figure 2b). Interestingly,
the off-centering distortion for &> Fe*" ions in InFeO5 (4 = 14.7 x
107 is only slightly smaller than those for SOJT-active o cations
in ZnTiO; (4 = 47 x10™ for TiOg)*” and LiNbO; (4 = 40 x 107*
for NbOg).”>’*  This is ascribed to the relatively large
cation—cation repulsion across the shared octahedral face for
A¥-B* pairs as compared to 4*~B*" or A"—B>" pairs.

4.3 Potential of Magnetoelectric Coupling Having
demonstrated the coexistence of polar structural distortion and
weak ferromagnetism at room temperature for R3c InFeOs, it is
worthwhile to comment on its potential as a magnetoelectric
multiferroic, especially its ability to control the magnetism with
an electric field. The electric-field = control of weak
ferromagnetism has been a focus of research in
multiferroics.’**'™  As mentioned in section 3.4, the weak
ferromagnetism in R3¢ InFeOs results from a slight canting of the
Fe** moments in a G-type antiferromagnetic arrangement as a
consequence of a spin-orbit effect on the superexchange
interaction, i.e., the DM exchange interaction. Such an
interpretation of the experimental data is corroborated by DFT
calculations with spin-orbit coupling included. Let us consider
an orthonormal frame (x, y, z) with z-axis defined as the
hexagonal ¢ direction (or pseudocubic [111] direction). Our
DFT calculations start from a collinear antiferromagnetic order
with the magnetic moments aligned along the x-axis. The
spin-orbit inclusion leads to a weak ferromagnetic moment of
0.02 ug / Fe along the y-axis with an electric polarization being
~90 pC/cm® along the z-axis. The magnitude of the canted
magnetic moment is in good agreement with the experimental
observation (see Figure 8). A similar situation has been reported
for R3¢ BiFeO; where the DM interaction is responsible for the
canted Fe** moments in an otherwise G-type antiferromagnetic
structure.”!  For BiFeOs, the inversion symmetry, the center of
which is at the midpoint between nearest-neighboring Fe** ions, is
broken by the antiferrodistortive FeOg4 octahedral tilts (rather than
the polar structural distortion), which yields the nonzero DM
interaction.”’ The same should hold true for InFeOj; in terms of
symmetry  considerations. The occurrence of weak
ferromagnetism in InFeOs;, unlike the cycloidal magnetic

modulation in BiFeO; (in the bulk), is presumably associated with
a larger magnitude of the FeOy octahedral tilts in InFeO; (¢ =
27.3°) with respect to BiFeO; (p = 13.8°).% This also account
for why R3¢ ScFeO; with a highly tilted octahedral network (¢ ~
30°) exhibits a canted G-type antiferromagnetsim.*

Although a linear magnetoelectric coupling is symmetry-
allowed in R3c InFeOs, direct 180° switching of the weak
ferromagnetism by the electric polarization is unlikely to occur, as
argued for R3¢ BiFeO; (in the case that the weak ferromagnetism
appears due to the suppression of the cycloidal magnetic
modulation).”’  This is because such control of magnetoelectric
domains requires the FeO4 octahedral tilts to change the sense,
which is kinetically too demanding when based on a one-step
switching path. In contrast, it has been recently evidenced, from
both theory and experiments, that the magnetization reversal can
be achieved based on a two-step kinetic path;’>* in BiFeOs, for
example, the FeOg octahedral tilts follow a sequential rotation of
the polarization direction (71° and 109° switching events) upon
application of an electric field and thus lead to the reversal of
weak ferromagnetism.””> Considering the nontrivial role which
the DM interaction plays for the two-step domain switching, the
electric-field-induced magnetization reversal is expected to
possible in R3¢ InFeO; and also in R3¢ ScFeOs;.

5. SUMMARY

We have found two new polymorphs of InFeOs, orthorhombic
perovskite-type  and  LiNbOs-type InFeOs;; the former
orthorhombic phase (Pnma or Pn2,a) is stabilized under pressures
up to 15 GPa and high temperatures above 1000 °C and
transformed into the latter rhombohedral R3¢ phase upon
decompression. The polar structural distortion in R3¢ consists of
a large displacement of A-site In*" (4'®) ions and a small
off-centering displacement of B-site Fe** (d°) ions within oxygen
octahedra. A minor role of SOJT distortions in stabilizing the
polar structure is confirmed by a lack of any significant anomalies
in the Born effective charges. These results are in sharp contrast
to the case of an isostructural perovskite ferroelectric, R3¢ BiFeOs,
where the large polar displacement of 6s* Bi*" ions is driven by
the SOJT effect forming lone-pair electrons and thus displays an
anomaly in the effective charge. Even though there is little
contribution of SOJT distortion, the theoretical electric
polarization of LiNbOs-type InFeO, is as large as 96 pC/em?,
which is comparable to that of BiFeOs; (90-100 pC/cm?). For
R3c InFeOs, we also observe long-range magnetic ordering of the
Fe*" sublattice well above room temperature (Ty ~ 545 K) due to
the strong Fe—O-Fe superexchange interaction. The lack of an
inversion symmetry in the superexchange pathway gives rise to
the nonzero DM interaction, leading to the weak ferromagnetism
due to a slight canting of the Fe’" moments in an otherwise
G-type antiferromagnetic arrangement; the ferromagnetic
component is perpendicular to the direction of the electric
polarization resulting from the cation displacements. Our results
thus demonstrate that R3¢ InFeO; is a typical geometric polar
material and possesses both a spontaneous magnetization and a
polar structural distortion at room temperature and higher.
These findings provide chemical and structural selection
guidelines to aid in the search for “room-temperature” polar
magnets.
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