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Polar nano-region structure in the oxynitride
perovskite LaTiO2N†
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Alfian Noviyanto,c Toshiya Otomo,b Hitoshi Abe, b Youichi Murakamiab and
Naoki Ohashi ac

We investigated the multiscale characters of the crystal structure

of the oxynitride perovskite LaTiO2N. While X-ray diffraction results

identified the average structure as being centrosymmetric, we detected

a signature of unknown structural deformation. By viewing the local

structure, we unveiled the formation of a polar structure at the nanoscale.

Oxynitride perovskites with AMX3 structure (A = alkali earth metal,
rare earth; M = Ti, Zr, Nb, Ta, W; X = O, N)1–7 are emerging materials
that hold promise as visible-light responsive photocatalysts4,8–11 and
chromatically tunable non-toxic pigments.12 The ability to modify
their electronic states by replacing oxygen with nitrogen11,13–16 has
attracted attention, in particular for developing lead-free dielectric
materials that are stable in air and water. BaTaO2N exhibits a high
dielectric permittivity of B5000 without phase transition and with
minimal temperature dependence,4,17 and a ferroelectric behavior
has been reported in SrTaO2N.18,19 The interplay between structure
and high permittivity mechanisms is expected to be revealed.

In this study, we focus on the oxynitride LaTiO2N, which has a
band gap of 2.1 eV and permittivity of 750 (bulk) and 1220 (film)
without a phase transition.8,20,21 In electronic state calculations,
the epitaxial strain in the thin film gives rise to a spontaneous
polarization of 59 mC cm�2.22 Clarke et al., Logvinovich et al., and
Chen et al. have claimed that this compound crystallizes in a
triclinic, I%1 structure with partial O/N trans-order on the TiO4N2

octahedron.2,23,24 In contrast, Yashima et al. have reported crystal-
lization in the orthorhombic Imma space group with O/N site
disorder, where O and N atoms occupy random anion sites.14 The
Imma type perovskite can be described by the a0b�b� Glazer tilt
system25,26 with a O2 � 2 � O2 unit cell (Fig. 1a). The Imma and

I%1 structures are centrosymmetric space groups with the Ti atoms
located at the inversion center.27

We present average and local structure analyses of LaTiO2N
through measurements of synchrotron X-ray diffraction (XRD),
extended X-ray absorption fine-structure (EXAFS) and atomic
pair distribution function (PDF) from neutron total scattering.

Fig. 1 (a) The crystal structure of LaTiO2N. The La, Ti, and O/N atoms are
represented by green, orange, and blue balls. (b) The powder XRD pattern
of LaTiO2N with a wavelength of l = 0.999175 Å at 300 K. The plots
correspond to observed (red crosses) and calculated (deep green line)
signals, difference profiles (blue line), and positions of Bragg peaks (green
tick marks). The left inset shows the enlarged pattern at around 2y = 50
deg. with 044 and 440 reflections. The right inset shows the profile
deconvolution of 044 (magenta line) and 440 (blue line) reflections.
(c) The isosurface of MEM electron density at 4 e Å�3 for LaTiO2N.
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Our XRD results led us to identify the average structure as
orthorhombic Imma, and not triclinic I%1. Local structure analyses
from EXAFS and PDF further revealed polar nano-region (PNR)
formation as widely observed in relaxors28–30 with high permit-
tivity. The PNR in LaTiO2N probably arises from short-range O/N
cis-order instead of chemical disorder in the relaxor. The strong
relation between the local structure and the functionality of the
material is a characteristic of mixed anion systems,31 including
oxynitrides.

Details of synthesis, characterization, and structure determi-
nations are provided in the ESI.† The XRD pattern for the
LaTiO2N powder at 300 K can be seen in Fig. 1b. We approached
the structural analysis following the Imma structure previously
reported in the literature,14 which resulted in the reasonable
weighted-profile R-factor Rwp = 2.6%.32 The site disordered O/N
atoms were assigned with the occupancies of occ(O) = 2/3 and
occ(N) = 1/3. The refined structural parameters listed in Table S1
(ESI†) agree with the previous results.14 However, we note
inconsistencies between the observed and the calculated intensi-
ties, in particular for reflections such as 044, 440, 165, and 561
(Fig. 1b, left inset). Habu et al. also reported similar inconsistencies
in neutron diffraction patterns,21 and suggested that they could be
explained by lowering the symmetry to a triclinic, I%1 structure.
No lattice distortion or violation of the extinction conditions for the
Imma structure was detected in our high-resolution XRD and
electron diffraction (ESI†), however, motivating further investiga-
tion of the inconsistency.

We fit the profiles of the 044 and 440 reflections using
pseudo-Voigt functions (Fig. 1b, right inset). The linewidth and
intensities were estimated by the quantities H(044)/H(440) = 0.70
and I(044)/I(440) = 1.9, respectively. The difference in linewidth
can be accounted for by size-strain broadening in the a-axis
direction. The intensities, however, differ significantly from the
calculated structure factor based on the Imma model, giving
I(044)/I(440) B 0.87. This implies that the Imma model cannot
account for the observed intensities. To determine a more
favorable structural model, we attempted to refine the candidate
structures among non-isomorphic subgroups of Imma (ESI†).
None of the trials in the lower symmetry models provided a close
fit to the experimental data, however.

We then examined the MEM calculation based on the XRD
data,33 resulting in the electron densities depicted in Fig. 1c.
Elongated electron densities were found for many atoms, sug-
gesting anisotropic displacements from the equilibrium position
along the a-axis. From the average structure, however, it was not
possible to determine whether they were static or dynamic, and
we proceeded to analyze the local structure for more insight into
the structural character.

The La K-edge EXAFS measurement of LaTiO2N was per-
formed at a low-temperature of 31 K in order to suppress the
influence of thermal motion. Plots of the k2-weighted EXAFS
oscillation k2w(k) and R-space magnitude of the Fourier trans-
formation (FT) are shown in Fig. 2a and b, respectively.34 In the
radial direction without phase-correction, the peak amplitudes
B2.9 and B3.6 Å correspond to the La–Ti (6 + 2 neighboring Ti)
and La–La (4 + 2 neighboring La) shells, respectively. Bond

distances from the fit result in RLa–Ti = 3.370(6) and 3.402(6) Å,
and RLa–La = 3.945(9) and 3.969(9) Å, where the relative distance
is the trial parameter based on the Imma structure from the
XRD measurement.

To examine the further distortion, we employed a Fourier-
filtered back transformation.35 Plots of the Fourier-filtered
EXAFS oscillations and amplitudes for La–Ti (2.25–3.25 Å)
and La–La (3.32–3.99 Å) shells are shown in Fig. 2c. We found
kinks, as indicated by the arrows, at kbeat B 10.0 and 13.8 Å�1

in the La–Ti shell. The kinks stem from the beat from the phase
difference of EXAFS oscillations along with different bond
distances DR in the shell. Based on the relation DR = p/(2kbeat),
we can estimate the DR of the La–Ti bond distances to be
DR = 0.16 and 0.11 Å. Considering that the La–Ti distances in
the average Imma structure are 3.41 and 3.44 Å, the estimated
DR values signal the presence of unknown distortion. As the
beats were absent in the La–La shell, they cannot be attributed
to static disorder or dynamical fluctuation in the structure,
implying that there were no local modulations longer than 0.1 Å
in terms of the La atom positions. We propose therefore that
static modulation of the equilibrium positions arose in this
compound.

We proceeded to a multiscale data treatment through PDF
analysis from neutron total scattering data.36 First, we fitted
G(r) in the range 1.6 o r o 20 Å at 300 K based on the Imma
structure, shown in Fig. S3 (ESI†). We noted that the refined
patterns were not well reproduced at short-range (r o 8 Å).
Hence, we separated the fitting area into short (1.6 o r o 8 Å)

Fig. 2 (a) The k2-weighted EXAFS oscillation k2w(k) of LaTiO2N at 31 K at
the La K-edge. (b) The magnitude of the Fourier transformed spectrum
(black line) and the calculated profile (red dashed line). (c) Fourier-filtered
EXAFS oscillations and amplitudes transformed in the range of 2.25–3.25 Å
for Ti (upper panel) and 3.32–3.99 Å for La (lower panel) in (b). Kinks exist at
kbeat = 10.0 and 13.8 Å�1 in the Ti profile, as indicated by the arrows.
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and medium (8 o r o 20 Å) ranges. The medium-range plot is
shown in Fig. 3a. We refined the structural parameters based
on the Imma structure, resulting in a pattern agreeing reason-
ably well with G(r), with a weighted R-factor Rw = 9.4%.37 The
parameters are given in Table S1 (ESI†), and coincide closely
with those for XRD analyses.

The short-range plot shown in Fig. 3b still failed to be
reproduced well by the Imma model. To assess the structure
with a more reasonable model in this range, we considered
candidates among non-isomorphic subgroups of Imma. Taking
into account the extinction rules used in XRD and electron
diffraction measurements, only Ima2, a polar point group27

(see details in the ESI†), remains as a feasible candidate. With

our knowledge of the previous EXAFS results, we proceeded
assuming that the Ti atom is shifted by DR along the polar
c-axis of Ima2. Refining all structural parameters according to
Ima2 symmetry, a reasonable fit to G(r) resulted with Rw = 11.6%.
The structural parameters obtained are given in Table S1 (ESI†).

The results of the PDF analysis show that the crystal structure
of LaTiO2N can be regarded as polar Ima2 at the nanoscale and
non-polar Imma in the average structure. Fig. S4 (ESI†) shows the
calculated curve for 1.6 o r o 20 Å fixed for the Ima2 structure,
resulting in substantial discrepancies with the experimental
data. Hinuma et al. have proposed effects originating from
dynamical polarization at the picosecond scale,38 however our
findings indicate the polar shift to be static.

Fig. 3c and d illustrate the local structure of the Imma
(O/N disorder) and Ima2 (disorder) models from the PDF analyses,
respectively, where the unit cells are related by (a, b, c)Imma =
(c, a, b)Ima2.27 The arrows represent the atomic displacements
from the Imma average structure. In the Ima2 model, Ti and
O2/N2 atoms shift by 0.130(14) and 0.127(8) Å in the +c-axis
direction, and the O1/N1 atom shifts by 0.033(12) Å in the �c-axis
direction. The La atom was needed in the polar structure to fix
the Imma equilibrium position. The bond length of Ti–O1/N1 is
modified from 1.997(1) Å in Imma to 2.010(2) Å in Ima2. The
bond length of Ti–O2/N2 is modified from 1.9910(1) Å in Imma to
1.964(11) and 2.013(11) Å in Ima2.

Finally, we investigated the O/N order of the anion sites. In
LaTiO2N, O/N disorder2,14 and partial trans-order23,24 have been
proposed at the long-range scale. In our study, we performed
PDF analyses for complete trans-order and cis-order models in a
unit cell at short-range, r o 8 Å, as illustrated in Fig. S5a (ESI†).
The O/N orders are introduced to the Ima2 disordered structure.
The final values of Rwp are described in Fig. S5a (ESI†). While the
trans-ordered models led to little refinement, the cis-ordered
models delivered improvements, suggesting cis-ordering as a
feasible O/N ordered state in the compound. However, one issue
reported in the literature is that bulk cis-ordering is associated
with an anti-polar state.39 In our study, since the polar region
emerges below 8 Å, a size effect may affect polarization in
conjunction with cis-ordering. We need further studies on the
O/N ordering through the NQR and polarized photoemission
spectra, which would enable visualization of the O/N ordering.

The polar structure in the nano-scale observed in this study
bears resemblance to PNR formation in the relaxor Pb(Mg1/3Nb2/3)O3

(PMN).28–30 The dielectric permittivity in the relaxor is maxi-
mized with broadened features at low temperature, possibly
from phase transitions becoming smeared out due to its
heterogeneity. In another example, Withers et al. have proposed
that the diffuse intensity in electron diffraction in BaTaO2N
results in a one-dimensional PNR state due to random strain
from chemical disorder.40 Unlike these cases for a classical
PMN relaxor or BaTaO2N, the PNR in LaTiO2N can most likely
be ascribed in terms of short-range O/N cis-order instead
of chemical disorder. Taking into account that ferroelectric
materials in general exhibit high permittivity due to their large
polarization, the PNR may be closely tied to the high permittivity
in LaTiO2N.

Fig. 3 (a) PDF data (black circles) for LaTiO2N at 300 K in the range of
8 o r o 20 Å. The red line indicates the centrosymmetric Imma model.
(b) PDF data (black circles) in the range of 1.6 o r o 8 Å. The calculated
patterns from Imma, and non-centrosymmetric Ima2 models are repre-
sented by the red and green lines, respectively. The lower curves are the
difference profiles between the experimental data and the calculated
patterns. (c and d) Imma and Ima2 structures from PDF analyses. The unit
cells of Imma and Ima2 are related by (a, b, c)Imma = (c, a, b)Ima2. Ti, O1/N1,
and O2/N2 atoms are represented by orange, green, and blue balls,
respectively. The O/N disordered state is signified by partially colored balls.
The arrows indicate the relative displacements from the Imma average
structure. Ti–O/N bond lengths are shown in angstroms. Two-fold rotational
axes run through the Ti atoms along the a and c-axes for the Imma and Ima2
structures, respectively.
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In conclusion, we conducted crystal structure analyses of the
oxynitride perovskite LaTiO2N via a multiprobe study using
synchrotron XRD measurements, EXAFS, and neutron PDF
analysis. We advocate that the average structure of LaTiO2N
should be regarded as Imma, and not I%1. We highlight the polar
structure observed at the short-range scale of r o 8 Å, which
deviated from centrosymmetric at the long-range scale. Our
results demonstrate the power of combining multiprobe and
multiscale analyses. Further insight into this structure can
likely be gained through electronic state calculations incorpor-
ating polar shift, O/N order, and size effects. We think that the
mechanism of PNR formation will give significant guidelines
for designing high permittivity materials in oxynitride and,
more commonly, mixed-anion systems.
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