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ABSTRACT

Non-centrosymmetric polar structure in ferroelectric BaTaO,;N having cubic perovskite-type
structure was investigated both in theoretical calculation and experimental observations. Most
probable coordination around Ta was confirmed to be cis-TaOsN> in exhaustive energy
calculation about O and N atomic distribution. The cis-TaO4N> octahedra formed their local
stackings during cooling of BaTaO,;N melt at 1183 K. Their linkages precipitate as nano-size
units forming domains in approximately 50 nm individually having spontaneous polarization as
observed in integrated differential phase contrast-scanning transmission electron microscopy.
They were observed in non-centrosymmetric with polar space group Pmc2: detected in Raman
spectroscopy and supported by the theoretical calculations to form nano polar regions. The polar
nano regions were three-dimensionally averaged as a centrosymmetric crystal structure in cubic
space group Pm3m observed in neutron diffraction. The nano regions in Pmc2; were quenched at

room temperature to show their relaxor-type ferroelectricity in the average Pm3m structure.

Introduction

Mixed anion compounds with multiple anions attract attention for their unique electrical
and optical properties.!* Their functionality is related not only to the combination of multiple
anions, but also to the arrangement of anions in the crystal structure. Metal oxynitrides
containing both oxide and nitride anions are expected to have a wide variety of applications as
photocatalysts, inorganic pigments, dielectrics and magnetoresistance.”!? Their band structure

can be tuned by the combination of oxygen and nitrogen, allowing the absorption of visible light,



and leading to the development of visible light responsive photocatalyst and inorganic
pigments.'>!* Oxynitrides are very special among mixed anion compounds because of the
similarity in size and difference in electronegativity between the oxide and nitride anions. Both
anions coordinate to the same cation together to form a coordination polyhedron. It is suggested
that the perovskite-type oxynitrides exhibit a cis-type anion ordering around the d° transition
metal at the B site to obtain chemical stability similarly to MoO,?".!>!8 The polar octahedra of
cis-TaO4N> were connected in several ways. They have assumed to form two kinds of -Ta-N-
linkage in topologically different cubic lattice of BaTaO2N_A and B and in tetragonal SrTaO,N
crystal structure (Fig. 1)!>!”. The two structures of BaTaO:N are sensibly different and almost
degenerate accidentally. Long-range order breaking was expected between them with two kinds
of different -Ta-N- linkages. Switching of the linkages was expected as the boundary of 4 kinds
of the sublattice which are the polar nano regions. It can induce relaxor-type ferroelectricity

locally, but it has not been directly related to the long range, i.e. averaged, crystal structure.
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Figure 1. -Ta-N- linkages suggested for cubic BaTaO:N structure. (a) -Ta-N- in BaTaO>N_A
and (b) in BaTaO>N_B structure models. Red/brown lines in (a) and pink/blue lines in (b)

correspond to two kinds of -Ta-N- linkages in BaTaO2N_A and B, respectively!’. Straight Ta-



N-Ta bond bend 90° at each Ta atom forming Ta-N- chain motifs. Reproduced with permission

from ref. 17. Copyright 2012 American Chemical Society.

Classical crystal structure analyses showed that perovskite-type oxynitrides crystallize in
centrosymmetric structures with Pm3m and I4/mcm space groups for BaTaO2N and SrTaO:N,
respectively.!*?? Dielectric properties of the perovskite-type oxynitrides was preliminarily
studied in relation to local cis-type O/N ordering instead of an average crystal structure with a
static O/N distribution.?** It was not clarified how the ordering is described in the whole crystal
structure. It was also not clear whether the dielectric behavior was paraelectric nor relaxor-type
ferroelectric behavior in the preliminary studies. Then electrical characterization of sintered
BaTaO>N and SrTaO:N thin ceramics revealed a piezoelectric response.”* A butterfly-like
piezoresponse along with a reversal of polarization direction under applied high voltage was
observed in the electrical characterization of micrometer sized BaTaO2N single crystals to
clearly prove their ferroelectricity.?® Second harmonic wave generation (SHG) was also observed
for the aggregate of the BaTaO2N microcrystals, indicating the presence of a locally polar
structure. It should not appear in the centrosymmetric structures observed in powder diffraction
studies. The ferroelectricity may be conjunction to polar nano regions (PNRs) originating from
the local cis-TaO4N> chains precipitated in the cubic crystals, although unveiling of the relaxor-
type dielectric behavior is still a significant challenge due to a lack of well-defined samples in

large scale.

The lower symmetry of perovskite-type oxynitrides than a cubic structure of BaTaO,N
was suggested for LnTaON, (Ln = La, Ce, Pr) perovskites by Porter et al.?” based on powder
neutron diffraction data. Perovskite-type structures with the /mma and Pnma space groups were

reported for LaTaON> and CeTaONy, respectively, with cis-type O/N ordering in TaO2N4



octahedra. However, the reported Imma and Pnma space groups are centrosymmetric, which
does not match with the previous observations of the ferroelectricity confirmed by piezoresponse
force microscopy and SHG signal for the BaTaOxN perovskite.2® Only four space groups, C2,
Ima?2, Pmc21, and Pmn21, have polarities among 18 space groups suggested for the perovskite-
type oxynitrides in conjunction with the octahedral tiltings and anion orderings (frans-, and cis-
ordering).?’ The polarity is inevitable for showing the ferroelectricity and SHG on BaTaOxN

observed in our previous study.?

The Pnma orthorhombic perovskite structure was suggested to be more stable crystal
system of BaTaOxN than the Pm3m cubic and /4/mcm tetragonal perovskites in the early Ab-
initio study.?® Among orthorhombic candidates, the perovskite-type structure with Pmc2; space
group is the most energetically stable in conjunction with cis-type anion-ordering. It has the
polarity along its c-axis as shown in Fig. 2. However, the observed crystal structure in any
diffraction methods was not in Pmc21 but Pm3m.? It is a problem whether the Pmc2; perovskite
with cis-configuration can extend infinitely as a crystal structure or is in nano meter size

crystallites forming an apparent crystal from a kinetic reason in its preparation.




Figure 2. Crystal structure images of BaTaOxN in (a) cubic Pm3m and (b) orthorhombic Pmc2,
perovskites. Atomic positions in the Pmc21 BaTaO>N adopt the theoretically predicted structural
parameters discussed later. Green, brown, red, and gray spheres correspond to Ba, Ta, O, and N

atoms, respectively.

A combination of neutron diffraction and pair distribution function analyses of neutron
total scattering data suggested cis-type O/N ordering was locally present in BaTaO>N.3*3! X-ray
absorption fine structure (XAFS) analysis has been used to examine the O/N distortion around
the Ta>" cations in BaTaO,N.!!*2 The local distortion caused by cis-type O/N ordering was
suggested for the cubic BaTaO:N in the above reports, however the polar crystal structure was
not confirmed experimentally in the oxynitride perovskite. Polar nano regions (PNRs) were
assumed to be incoherently present in its centrosymmetric average crystal structure forming
ferroelectric domains to provide relaxor-type dielectric behavior in the perovskite oxynitrides'”.
However, it remains unclear on the atomic arrangement in the PNRs, their size and the way of
distribution in relation to the average centrosymmetric structure. It is very important to
understand the relaxor-type ferroelectricity in relation to the PNR mechanism. Differential phase
contrast-scanning transmission electron microscopy (DPC-STEM) analysis in comparison to
HAADF image may provide a direct observation of the polar domains.**~3% Characterization of
the PNRs is important to understand and control the ferroelectric properties of perovskite-type

oxynitride similar to the relaxor-type ferroelectric oxides.

Raman spectroscopy is widely used to investigate incoherent local crystal structures that
cannot be detected using X-ray nor neutron diffraction studies. It is useful to clarify preliminary
steps in crystallization, precipitations of quantum dots and molecular assemblies of organic and

biomolecules.***! Angle-dependent Raman spectroscopy was applied to single crystals or



epitaxially grown thin films to clarify anisotropic polarization induced by the local symmetry of
Raman modes.*** The micro-Raman scattering technique in micrometer-scale spatial resolution
was useful to detect the local symmetry of the nano-size region and the ferroelectric domains

present in a BaTaO>N microcrystal as in a SrTiO; single crystal.*®

Here we experimentally report the domain structure formed with PNRs in the
ferroelectric BaTaO.N perovskite having the cubic Pm3m average structure with a help of
theoretical calculation. DPC-STEM images showed the domain structure with the PNRs caused
by the different stacking of cis-TaO4N> octahedra with a help of HAADF image. Angle-
dependent Raman spectra was applied on the BaTaOxN single crystal using polarized micro-
Raman spectroscopy. The change in Raman scattering intensity with crystal rotation angle
supported that the local polar crystal symmetry was in Pmc2; space group. The PNRs in space
group of Pmc2, randomly distribute forming electric domains in their average size of 50 nm.
Their aggregates were observed as a centrosymmetric Pm3m structure of BaTaO2N in any

diffraction methods showing its relaxor-type ferroelectricity.

Experimental

Sample preparation

Single-crystal BaTaO2N grains up to several micrometers in size were grown in a BaCN»
flux using a BaTaO>N precursor powder, as in our previous study.?® The BaTaO>N powder and
BaCN; flux were obtained from a mixture of BaCO3 (99.9%, Fujifilm Wako Pure Chemical

Corp.) and Ta20s5 (99.9%, Fujifilm Wako Pure Chemical Corp.) with a molar ratio Ba:Ta=1.03:1



and BaCOs, respectively, using an ammonolysis reaction.? The BaTaO>N powder product was
mixed with 46 mol% BaCN; in a N»-filled glove box. The powder mixture was transferred to an
alumina crucible and then enclosed in a custom-made tantalum capsule (>99%, Nilaco) in a N>
atmosphere. The mixed powder in a tantalum capsule was heated at 1183 K for 30 min and
slowly cooled at a rate of —1.8 K/h in a N> gas. After the mixture was cooled to room
temperature, it was washed with 1 M nitric acid and then with distilled water. After drying in air,

the product was used in further characterization.

Crystalline phase analysis

Crystalline phases in the product were characterized using powder X-ray diffraction
(XRD; Ultima-IV, Rigaku) with Cu-Ka radiation operated at 40 kV and 40 mA. XRD patterns
were obtained at room temperature over the range 20 = 20° - 90° with scanning speed and step

size of 10°min and 0.02°, respectively.

Neutron diffraction

The neutron diffraction (ND) data of the BaTaO>N powder synthesized by ammonolysis
of a mixture of BaCO3 and Ta>Os was collected at BL20 (iMATERIA) beamline of Japan Proton
Accelerator Research Complex (J-PARC)*” at 298 K and analyzed with the software Z-Rietveld
(Windows ver. 1.1.1.0914).*8 Crystal structure images were visualized by using a software

VESTA.#

Microstructure observation

Microstructure of the acid washed product was observed using both optical (VHX-2000,

KEYENCE) and scanning electron microscopies (SEM; JSM-6500F, JEOL). The crystalline



plane indexing based on the crystal habit in cubic grains was performed using high-voltage
transmission electron microscopy (HV-TEM; JEM-ARM-1300, JEOL). Electron diffraction
patterns were obtained to confirm the crystal orientation at an accelerating voltage of 1250 kV

for several hundred nanometer-scale BaTaO>N cubic single crystals.

Differential phase contrast (DPC) image

A thin slice of the BaTaO>N microcrystal was prepared for the STEM observation using a
focused ion beam (FIB) of gallium ion (SMI 3050SE, Hitachi High-Technologies). Its thickness
was less than 100 nm. The annular bright field (ABF) and the high angle annular dark field
(HAADF) STEM images were acquired using a STEM instrument equipped with a spherical
aberration corrector (Titan3 G2 60-300, FEI Co.) operated at 300 kV. The DPC signals were
recorded using a quadrant detector. Two perpendicular DPC images were then processed to
produce a color map showing both strength and direction of the DPC signal, according to a color
wheel. The color images obtained is related directly to the magnitude and direction of the

polarization in specimen. The schematic image to produce the color map is shown in Fig. S1.

Angular-dependent Raman scattering

Confocal micro-Raman spectroscopy measurements were conducted on a BaTaOoN
microcrystal (~1.5x1.5x1.5 pum?) by irradiating a linearly polarized laser beam generated in a
diode-pumped solid-state laser system (continuous wave Nd:YVOg laser; wavelength: 532 nm).
The microcrystal was placed on a sample holder at room temperature under flowing N> gas on an
xyz stage. The angle dependence of Raman spectra was measured in both optical settings of
parallel and crossed polarizations using an analyzer as shown in Fig. S2. The polarized laser

beam was irradiated to the microcrystal along the optical axis of an objective lens. The laser



power and beam diameter were approximately 0.1 mW and 1 pumeo, respectively. Decomposition
and oxidation of the BaTaO>N microcrystal during the Raman spectroscopy measurements were

avoided by the operation in N2 atmosphere. The original reddish brown color was preserved even
after the present measurement although it was reported to change to dark brown in the

decomposition in a previous report.?

Raman spectra changing with the crystal rotation angle ¢ (= 20) were measured by
rotating a half-wave plate (rotation angle, ) placed above the objective lens in a backscattering
geometry (see Fig. $2).5%%! Scattered light from the sample was collected using the objective lens
and focused into a spectrometer (PHOTON Design PDPX, focal length: 64 cm) through a slit
(width: 100 pm). The incident light was separated from the Raman scattered light component
using a notch filter mounted in front of the spectrometer. The Raman spectrum was obtained in a
frequency range of 63-469 cm™' centered at 270 cm™ and converted into spectral lines using a
charge-coupled device (CCD) detector cooled by liquid nitrogen. The background intensity was
measured in the same frequency range without a laser irradiation to subtract from the observed
spectrum. The polarization angle 6 changed in the crystal rotation angle ¢ (=26) of the
microcrystal, as illustrated in Fig. S2. The angular dependence was obtained in 6° step for the
crystal rotation angle ¢ (240 seconds for each step). The total 360° measurement was repeated 30
times (120 hours) and 35 times (140 hours) for the parallel and crossed polarization set-ups,
respectively, to improve the signal-to-noise ratio. The obtained spectra were deconvoluted into
Lorentzian peaks using the software OriginPro 2021 (OriginLab Corp.). The details of the

Raman tensor analysis for the Raman peaks are described in supporting information.

Theoretical calculation
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Energies for all the O and N atomic distributions were estimated in 2x2x2 supercell of
BaTaOxN perovskite structure to obtain insights about atomic configurations. To remove all
symmetry constraints, all atoms in the expanded special structure were displaced randomly
within 0.1 A. There are 2664 symmetrically independent configurations in the cell. Energies of
all the independent structures were calculated. First-principles calculations based on density
functional theory were performed using projector augmented-wave (PAW) method implemented
in the VASP code.’>** The exchange correlation term was treated with the GGA-PBE for solid.>*
The valence electron configuration of the potentials was taken as 5s*5p®6s? for Ba, 5p®5d°6s? for
Ta, 2s*2p* for O, and 2s?2p* for N. The plane-wave cutoff energy was set to 520 eV. Integration
in reciprocal spaces was performed with the grid of 0.2 A™!. Crystal structures were fully relaxed

until all residual forces acting on each atom were less than 0.02 eV/A.

Inversion energy barrier was theoretically calculated for BaTaO,N with Pmc2i non-
centrosymmetric crystal structure. There are two Ba, two Ta, four O and two N atoms in the
calculated cell. Candidates for centrosymmetric crystal structures were searched by using the
PSEUDO algorithm.3-¢, Centrosymmetric crystal structures were calculated using climbing
Nudged elastic band methods with seven intermediate images,’’ considering the non-
centrosymmetric crystal structure and the inversed one as initial and final structures, respectively.

Spontaneous polarization was determined by the berry phase calculations.*®

Results and discussion

Extended linkage of polar octahedra in BaTaO:N perovskite structure

11



The energy was estimated in 2x2x2 supercell of BaTaO>N perovskite on various kinds of
O and N atomic distribution to obtain insight of O and N configurations. The structure with cis-
configuration of two N atoms in an octahedron around Ta is more stable energetically than any
other configurations, such as trans-configuration or with more N atoms. Considering the
multiplicity, the relative energy for completely random configurations of O and N was estimated
as 11.6 kJ/mol to the most stable configuration. This energy value corresponds to 275 K, almost
room temperature, in the Boltzmann distribution. It suggests that the almost random distribution

of O and N is stable at around room temperature in macroscopic view.

Then we estimated probabilities for the number of N atoms and cis/tfrans-configurations
at 1183 K, where the present microcrystal was grown, assuming the Boltzmann distributions.
They are 0.19, 0.61 and 0.19 for the cases that the number of N atoms in Ta octahedron is one,
two and three, respectively. Two N atoms are mostly present in an octahedron and some of the
octahedra containing one or three N atoms are also present. The minor TaOsN and TaO3N3
octahedra restrict the growth of cis-TaO4N; chains and disturb a long-range order crystal
structure. The probabilities of cis- and trans-configurations in the TaO4N> octahedron are
estimated as 1.19 and 0.006, respectively, suggesting a preference for cis-configuration in the
octahedron. It is noted that the sum of these values is more than 1 because cis-configurations are
multiply counted in the cases of octahedron with three or more N atoms. Focusing on only the
octahedron with two N atoms, the probabilities of cis- and trans-configurations are calculated
again to be 0.998 and 0.001, respectively, suggesting rare trans-configuration. The boundary
between cis-type TaO4N> should contain TaOsN and TaO3N3 octahedral units forming random

O/N distribution and non-polar matrix between the PNRs.
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The crystal structure in space group Pmc2; was the most stable in the energetic
estimation among the 2664 independent O and N configurations as already expected in the

previous publications?”?

, which also corresponds to the Raman spectroscopy result mentioned
below. Inversion barrier for electric field induced phase transition of ferroelectrics was therefore,
evaluated for Pmc21 non-centrosymmetric crystal structure of BaTaO>N which having cis-
configuration of N atoms. The lattice parameters of a reduced cell for BaxTa,O4N; are calculated
asa=4.048 A, b=5.872 A, and ¢ = 5.848 A. Using PSEUDO algorithm, four kinds of
candidates are generated as the intermediate; Pmm2, Amm?2, Pmma and Pbam. The calculation
converged only in the case of Pmma. The inversion barrier was estimated to be 1.8 kJ/mol and

spontaneous polarization of Pmc2; phase was 36 nC/cm? assuming Pmma as the intermediate in

inversion process (Fig. S3).

Small inversion barrier suggests the possibility of polarization inversion in the cases such
as Pmc21 having cis-configuration in the octahedron. Ta atoms slightly displace along two
nitrogen atoms in an octahedron with the applied electric fields. The linkages of cis-TaO4N»
octahedra precipitate in various length and direction from the melt at 1183 K. They are present as
PNRs within the domains in random direction forming cubic average crystal structure. They
show electric polarization along the cis-arrangement of N atoms. The boundary between the
polar nano regions consisting of TaOsN and TaO3Nj3 units breaks down the linkage of cis-
TaO4N; chain to non-polar matrix. Relaxor-type ferroelectric behavior can be observed in the

average cubic crystal structure.

Observation of domain structure formed with the polar nano regions

13



The above linkages extend forming nano size regions which are not coherent each other
in a whole cubic crystal structure as expected in the previous theoretical paper'’. The PNRs are
not so homogeneous in their shape and size as expected in the above manuscript because there
are some possible distributions both in the N numbers and cis/trans in Ta octahedron as
mentioned in the theoretical calculation in this paper. It is important to observe the way how

these nano regions and domains are present in a whole crystal structure.

Powder XRD pattern for the BaTaO>N microcrystals indicated the cubic perovskite-type
crystal structure as reported in the previous papers on as-synthesized powder sample (Fig. 3(a))
1920 Neutron diffraction pattern was also analyzed based on a single phase of the cubic
perovskite-type structure as shown in Fig. S4. There were no additional diffraction lines coming
from its superlattice related to the different stacking of TaO4N> octahedra with cis-type O/N
ordering in the XRD nor ND patterns. SEM image depicted in Fig. 3(b) shows that the cubic-like
grains having approximately 1 pum or more were obtained in the product. Red-brown crystal was
observed under the optical microscope (Fig. 3(c)). High voltage electron beam was irradiated
directly on a BaTaO>N microcrystal in 500 nm of the edge size (Fig. S5). Diffraction indexes
suggest the crystal outer surfaces are {001} planes of the cubic structure. Polarization switching
had been observed on BaTaO>N microcrystals by using a piezoresponse microscopy. Also, SHG
was clearly observed from the aggregate of the microcrystals.?® Therefore, polar non-
centrosymmetric regions must be present in the microcrystals, whilst there are no clear

diffraction spots related to the non-centrosymmetric structure.
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Figure 3. (a) Powder XRD pattern of BaTaO,N microcrystals after acid washing, (b) SEM and

(c) optical images of the as-grown BaTaO>N microcrystals.

Figure 4 shows a thin slice of the BaTaO;N single crystal used in the STEM observation.
ED pattern indicates the crystal is surrounded by (100) and (010) planes of the cubic structure as
observed in HV-TEM. The HAADF images for two different parts (yellow and red squares) in
the same crystal are shown in Figs. 5(b) and 5(d). Bright spots indicate the positions of Ba and
Ta atomic columns along the <001> direction as shown in Fig. 5(b). The brightness of the
HAADF image is proportional to the square of atomic number, Z.>* Both Ba and Ta atomic
columns are clearly observed in the HAADF image. Light elements O and N are emphasized in
ABF image in comparison to the HAADF one because its contrast is roughly proportional to
73 50 The HAADF image in Fig. 5(b) shows homogeneous distribution of the atomic column,

and the corresponding ABF one in Fig. 5(c) is also clear but not homogeneous in part. However,

15



both HAADF and ABF images for another part of the same crystal shows the blurred contrast
even in lower magnified images than those above (Figs. 5(d) and (e)). The crystal structure in
this part is obviously disturbed in its periodicity. The periodical atomic arrangement has already
been slightly disturbed in ~5 nm size regions. There are some distributions on the various kinds
of octahedra around Ta as suggested in the above theoretical calculation. Different PNRs coexist

either coherent or incoherent each other.

Figure 4. (a) STEM image of BaTaO>N microcrystal after FIB thinning. ED pattern (b) indicates

the crystal edges are <001> directions of cubic perovskite.
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Figure 5. HAADF (b, d) and ABF (c, e) images of the BaTaO>N microcrystal. The atomic scale
images (b, c) and (d, e) were obtained from the regions of yellow and red squares in Fig. (a),
respectively. The schematic cubic structure image of BaTaO:N is drawn on the top of HAADF

image (b).

Differential phase contrast (DPC) images were obtained from the same area to study the
effect of domain polarization (Fig. 6). Figs. 6(c) and (d) show the differential signals between the
opposite segments (A—C) and (B—D) of the detector in Fig. S1, respectively. Spontaneous
polarization direction produced from these DPC images was indicated as electric field color map
in Fig. 6(e) and both direction and strength of the electric field is depicted in a color wheel in its
upper right. Purple and green areas which have the opposite polarization directions toward the
lower-left and upper-right directions, respectively, were observed in whole area of the image.

The brightness of purple and green color was inhomogeneous in each area. Between the purple

17



and green areas, black regions with a thickness of less than 5 nm were observed. The DPC image
indicate BaTaO:N has polar domains of approximately 50 nm size in the crystal structure with
opposite orientations and the strength of the polarization in each domain is not uniform. The tiny
periodic regions in ca. 5 nm size observed in HAADF image (Figs. 5(d) and (e)) cooperatively
respond to the electric field induced by the electric domains in size of 50 nm. They are formed
with cis-TaO4N> stackings as predicted in our theoretical calculation. Angle dependent Raman
spectroscopy was applied on a BaTaO:N single crystal to analyze the crystal structure at the

locally polar regions observed in electron microscopy.

Figure 6. HAADF of the BaTaO>N microcrystal (a) and its magnified image (b) obtained from
its red squared region. Differential signals from the same area observed in opposite segments
(A—C) and (B—D) of the detector (Fig. S1) are shown in (c) and (d), respectively. The
polarization distribution in this area and its polarization direction are represented as the color

map in (e). The inset color wheel on its upper right indicates the electric field direction in this

18



map. Schematic image of the DPC-STEM image is re-drawn in (f) together with the polarization

directions as yellow arrows.

Raman spectroscopy

Micro-Raman spectroscopy measurement was performed on a red brown BaTaO>N micro
single crystal in Fig. 3(¢c) to study crystal symmetry in the PNR. The Raman spectra obtained at
the BaTaOxN crystal in rotation angle ¢ = 0° for both parallel and crossed polarization settings
were similar each other as shown in Figs. 7 and S6. There are several peaks in the observed
frequency range similarly in these spectra, although no Raman active mode for the average cubic
perovskite structure (Pm3m) should appear with Wyckoff positions of 1a (Ba), 15 (Ta), and 3¢
(O/N) sites according to the selection rules for Pm3m space group. The spectrum in 80 to 420
cm’! frequency range was deconvoluted into eight Lorentzian curves with peaks at 83, 114, 164,
196, 207, 252, 293, and 391 cm™', as shown in Figs. 7 and S6. This supports the BaTaO2N crystal
lattice could have the lower symmetry than the cubic perovskite-type structure of Pm3m. Similar
Raman spectra have been reported for the perovskite oxynitride SrTaO2N under high pressure. It
was suggested to have lower symmetry than that of the average tetragonal /4/mcm

centrosymmetric structure but there had been no practical explanation for the contradiction.®!
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Figure 7. Raman spectrum obtained from a BaTaO>N micro single crystal under the parallel
polarization optical setting at the crystal rotation angle ¢ = 0°. The spectrum intensity is shown
by red dots. The spectrum was deconvoluted to eight Lorentzian peaks in different color (peak 1:
red, 2: green, 3: dark blue, 4: yellow, 5: pink, 6: blue, 7: orange, 8: purple, sum: black) between

80 and 420 cm™".

The angular dependences of the present Raman spectra were obtained under the parallel
and crossed polarization settings as shown in Fig. 8. The Raman peaks at 114, 207 and 251 cm’!
(denoted as peaks 2, 5 and 6 in Fig. 7) showed 180° rotational symmetry in the contour color
map under the parallel polarization setting (Fig. 8(a)). Their polar plots shown in Figs. 9(a) and
S7 strongly suggest that the symmetry of the BaTaO,N perovskite is reduced from the average
cubic structure to a lower symmetry with 2-fold rotational symmetry. For the crossed
polarization, these peaks showed nearly 90° rotation symmetry in both contour color map (Fig.

8(b)) and polar plots in Figs. 9(b) and S8. The optical condition between the incident and

scattering beam through the half-wave plate converted the above 180° rotation symmetry to the

90° one. The maximum intensity appeared at ¢ = 45° off from the origin ¢ = 0° in both parallel

20



and crossed polarization optical settings. This suggests the polarization direction is tilted in 45°

from <100> in the cubic lattice appearance.
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Figure 8. Contour color maps of Raman spectrum intensity observed for BaTaO>N microcrystal

with (a) parallel and (b) crossed polarization optical setting. The vertical and horizontal axes are

the crystal rotation angle ¢ and Raman shift, respectively. Spectrum intensity is shown in color

as depicted in the right bar.

21



(a o %0

1800000 | 1=, 60
| 150 NN 30
2 1700000 > / N
= | / 28
5 : /
£ | | gu g // ‘ ’;
T 1600000 180 - 2 7 10 @
Q | I A o | o
© i =
£ 1700000 -| \ f
1 210 N\ AN / /330
S it o
1800000 - i : g WS
270
b 90
: 120 _— T . 60
520000 |
480000 | AN
] 150 /. p=e / \ 30
= I SO / '
B 440000 A : \
g | . Vi
£ 400000 | o A I
o 180 - . = -0 9
35 400000 | | - . "5
> | / Py \\ /] o
£ 440000 | / LN )
asoo00 | 210 NS N A/ 30
: %
520000 | ol
1 240 T .7 300
270

Figure 9. Crystal rotation angle ¢ dependence of Raman peak at 252 cm™! (peak 6 in Fig. 7 and
S6) observed for (a) the parallel and (b) crossed polarization optical setting. The crystal rotation
angle ¢ = 0 corresponds to the ridgeline of the BaTaO>N microcrystal shown in Fig. 3(c). The
solid red lines represent the best fit for the Raman intensity obtained using the calculation
angular dependence of the Raman mode. The details of the calculation are described in the

supporting information.

The angular dependence of the spectrum led to the mm2 point group, which provides

Pmc2; space group, as the non-centrosymmetric BaTaON crystal structure confirmed by the
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STEM observation and theoretical calculation in this study. Raman tensor analysis is performed
in the point group with four Raman active modes in A1, Az, B1, and B2 modes for all Wyckoff
positions. The two-fold symmetry observed in the present Raman spectra is understood by these
modes in the orthorhombic Pmc2: perovskite structure with cis-type anion ordering. It is well
explained together with the four-fold symmetry as the detailed discussion on Raman tensor
analysis in supporting information. The BaTaO:N crystallizes locally in space group Pmc21 in

Raman spectroscopy and it appears as cubic Pm3m in diffraction methods as its average.

The BaTaO>N microcrystals have crystal planes of {100} in the average cubic perovskite
structure, which was confirmed in the ED pattern (Fig. 4(b)) and HAADF image (Fig. 5(a)). The
polarization direction is tilted approximately 45° from the crystal habit plane as observed in Fig.
6. The polarization direction in orthorhombic perovskite with a possible Pmc21 space group is
parallel to the orthorhombic c-axis. It is titled 45° from the primitive cubic perovskite cell and is
along the N-N direction as expected in the theoretical calculation in this study. The angular
dependence observed in Raman spectra also showed the 45° tilting in polarization direction as
mentioned above. The PNRs in Raman spectroscopy are also polarized cooperatively in the same
direction as those in domains observed in the DPC image. BaTaO2N perovskite in orthorhombic
Pmc21 has its TaO4Nz octahedra mostly in cis-type N configuration and their polarization
direction in the bc plane is thought to be along c-axis in the orthorhombic cell as shown in Fig.

19,21

10. The apparent cubic crystal structure of BaTaO2N in powder diffraction ™" is made of the

PNRs, which are the assemblies of cis-TaO4N> linkages, in orthorhombic Pmc2;.
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Figure 10. Schematic representation of PNRs (black circles) present in a domain (black square,
~50 nm) and they crystallize in various size (~5 nm) with orthorhombic Pmc2 space group. The
yellow area consists of non-polar matrix made with statistic O/N distribution. White arrows

indicate the polarization directions.

The ferroelectricity and SHG signal for the perovskite oxynitride BaTaO2N are ascribed
to the tiny domains probably related to PNRs induced by the local cis-type O/N ordering in
TaO4N; octahedral chains. The chain linkage of cis-TaO4N> octahedra was divided and
terminated by a statistical distribution of the disorder such as TaOsN and TaO3;N3 as theoretically
predicted. Based on the present Raman spectroscopy results and theoretical calculation, the local
structure of BaTaO,N is in orthorhombic Pmc2; system. The domains in size of approximately
50 nm made of the local PNRs showed their polarization directions in the opposite directions
each other as observed in the DPC-STEM image. The size of local PNRs is smaller than that in
the perovskite-type Pb(Mg13Nd2/3)O3 (PMN) relaxor-type ferroelectric oxide.®® In the PMN
structure, PNRs arises from the ordering of B-site cations in cubic matrix. The present PNRs
caused by the local O/N ordering in cis-TaO4N> chain linkage terminated by O/N disorder, which
is characteristic for the oxynitride perovskites. The polarization is totally averaged in the as-

grown BaTaO:N crystal, and its cubic perovskite structure is falsely observed in the diffraction
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studies. The 180° domains are separated with approximately 5 nm of domain walls shown as

black regions in Fig. 6(e).

The linkages of cis-TaO4N> octahedra start to precipitate during cooling of the melt of
BaTaO:N in BaCN> flux at 1183 K. They are formed in certain length because of the
complicated nature of the linkage and its statistical nitrogen distribution in the crystal. They get
together to form polar domains in size of approximately 50 nm consisting of PNRs with space
group Pmc2; detected in Raman spectroscopy. Assemblies of the PNRs were observed as a cubic
crystal structure in neutron diffraction and showed relaxor-type ferroelectricity with domain
structure. In the previous piezoresponse measurement on BaTaO>N microcrystals precipitated
from BaCNj flux, electrical field necessary to saturate polarization varied depending on
individual grain.?%%* This difference may be assumed as a result of a slight inhomogeneity of
local linkages of octahedra and nitrogen distribution to induce some covalent interaction with

cation, resulting in a variation of coercive field and domain pinning.

The present manuscript suggests mixed anion compounds especially oxynitrides have a
possibility to show a variety of ferroelectric properties in relaxor-type. Their texture is controlled
in their preparation conditions such as temperature, duration, atmosphere, and so on. The
ferroelectricity strongly depends on their nano structure. Both cis-TaO4N> octahedra and its
linkages are the results of different chemical bond nature between oxygen and nitrogen. The
ferroelectricity in oxynitride is a characteristic that appears from the covalent chemical bond
nature of nitride in oxide matrix. It is induced by the more covalent nitrogen than oxygen
similarly to high temperature sialon ceramics, visible light photocatalysts and red-light emitting

diodes.
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Conclusion

Domain structure made of nano sized polar Pmc2; regions in the cubic perovskite
BaTaOxN was directly observed in DPC-STEM image and characterized by polarized-Raman

spectroscopy of the micro single crystal. The spontaneous polarization with approximately 50

nm domain size was visualized in the DPC-STEM image and its direction was 45° off from the

apparent cubic lattice. The Raman spectra depending on the crystal rotation angle showed two-
fold symmetry with the polarization direction tilted 45° from the primitive cubic perovskite cell.
The Pmc21 perovskite structure is plausible as a non-centrosymmetric polar structure in the polar
nano regions, and they were averaged as the cubic Pm3m structure observed in the previous
diffraction studies. The domain made of PNRs is attributed to the linkages of cis-TaO4N>
octahedra and they were quenched in the high temperature synthesis. The ferroelectricity of
BaTaOxN is a characteristic from its nitrogen and oxygen configuration. Their coordination and
distribution around the cation can be tuned by changing the formation temperature, atmosphere,

and duration.
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