J_]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

ZnTaO,N: Stabilized High-Temperature LiNbO;-type Structure

Yoshinori Kuno,” Cédric Tassel,"* Koji Fujita,T Dmitry Batuk,® Artem M. Abakumov,”’§
Kazuki Shitara,~ Akihide Kuwabara,™ Hiroki Moriwake, ™ Daichi Watabe,' Clemens Rittgr,#
Craig M. Brown,” Takafumi Yamamoto,” Fumitaka Takeiri,T Ryu Abe,T Yoji Kobayashi,'

Katsuhisa Tanaka,” and Hiroshi Kageyama*""’o

Graduate School of Engineering, Kyoto University, Nishikyo-ku, Kyoto 615-8510, Japan

“The Hakubi Center for Advanced Research, Kyoto University, Kyoto 606-8501, Japan

SElectron Microscopy for Materials Research (EMAT), University of Antwerp, Groenenborgerlaan 171, 2020 Antwerpen, Belgium
IISkoltech Center for Electrochemical Energy Storage, Skolkovo Institute of Science and Technology, Nobel Str. 3, 143026 Moscow,

Russia

“Nanostructures Research Laboratory, Nagoya 456-8587, Japan

#Institute Laue-Langevin, 71 Avenue des Martyrs, 38000 Grenoble, France
VCenter for Neutron Research, National Institute of Standards and Technology (NIST), Gaithersburg, Maryland 20899, United

States

OCREST, Japan Science and Technology Agency (JsT), Kawaguchi, Saitama 332-0012, Japan

© Supporting Information

ABSTRACT: By using a high-pressure reaction, we prepared a new
oxynitride ZnTaO,N that crystallizes in a centrosymmetric (R3c)
high-temperature LiNbO5-type structure (HTLN-type). The stabiliza-
tion of the HTLN-type structure down to low temperatures (at least
20 K) makes it possible to investigate not only the stability of this
phase, but also the phase transition to a noncentrosymmetric (R3c)
LiNbO;-type structure (LN-type) which is yet to be clarified.
Synchrotron and neutron diffraction studies in combination with
transmission electron microscopy show that Zn is located at a
disordered 12c¢ site instead of 64, implying an order—disorder
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mechanism of the phase transition. It is found that the closed d-

shell of Zn**, as well as the high-valent Ta*" ion, is responsible for the stabilization of the HTLN-type structure, affording a novel
quasitriangular ZnO,N coordination. Interestingly, only 3% Zn substitution for MnTaO,N induces a phase transition from LN-
to HTLN-type structure, implying the proximity in energy between the two structural types, which is supported by the first-

principles calculations.

B INTRODUCTION

ABO; oxides with a LiNbOs-type (LN-type) structure have
been of great academic and industrial importance owing to their
ferroelectricity, piezoelectricity, photoelasticity, and nonlinear
optical polarizability.' Unlike perovskite oxides, the LN-type
structure (R3¢ space group) does not necessarily require second
order Jahn—Teller (SOJT) active d° cations (e.g, Ti*", Nb*",
and Ta*")” or lone pair electrons (e.g, Pb*" and Bi**)” to show
these properties. A large electric polarization of LN-type oxides
originates from a strong Coulomb repulsion between A and B
cations across the shared octahedral face (Figure 1a). Recent
discoveries of multiferroic properties in ScFeO;" and FeTiO5’
and a ferroelectric-like transition in metallic LiOsO;° have
expanded interest in this structural type.

It is well-established that the ferroelectric transition in
BaTiO; perovskite is classified as displacive type, with a
displacement of Ti** from the ideal position below a Curie
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temperature T..” By contrast, the mechanism underlying the
ferroelectric transition in LiNbO; (T, = 1470 K)® and LiTaO,
(T. = 940 K)’ is, despite their wide range of industrial
applications, still under intensive debate. A high-temperature
paraelectric phase (HTLN-type structure) above T, adopts an
R3c space group with the B cation located at a centrosymetric
6b site (Figure 1b). Regarding the position of the A cation, two
models have been proposed, relevant to a displacive type and
an order—disorder-type transition.” " Experimentally, Raman
spectroscopy and infrared reflectivity measurements suggested
the displacive type with A cation of the high-temperature phase
at a 6a site,'" while results of neutron and Raman scattering
measurements are in favor of the order—disorder type with A
cation at a disordered 12c¢ site with a 50% occupancy (Figure
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(a) MnTaO

(b) ZnTaO2N

Figure 1. Structures of (a) MnTaO,N with LN-type structure (R3c)"”
and (b) ZnTaO,N with HTLN-type structure (R3c). Gray, brown,
purple, red, and green balls represent Zn, Ta, Mn, O, and N.

1b)."” From the theoretical side, a phonon analysis supported
the order—disorder mechanism,'” but a molecular dynamics
study suggested a compromised scenario involving a displacive-
type transition for the B cation and an order—disorder-type one
for the A cation.'* The difficulty in unveiling the transition
mechanism in LiNbO; and LiTaOj is obviously related to very
high T/s. Although a recently discovered metallic system
LiOsO; has T, 140 K, the electron—lattice coupling is
supposed to provide substantial contributions to the
transition.”'® Stabilization of the HTLN-type phase will allow
one to study the transition mechanism.

Oxynitrides have attracted considerable attention because of
various intriguing properties. For example, high permittivity
observed in BaTaO,N and SrTaO,N with the perovskite
structure was discussed in terms of tantalum displacements
driven by high covalency in the Ta—N bonds (vs Ta—O
bonds)."® We have recently reported on a high-pressure
synthesis of a LN-type oxynitride Mn**Ta**O,N with a novel
helical spin order due to competing magnetic interactions of
Mn?* moments.'” Here, we report on the high-pressure
synthesis of the Zn analogue, Zn**Ta>*O,N, and its structural
characterizations by means of powder synchrotron X-ray
diffraction (SXRD), neutron diffraction (ND), and high-angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM). Unlike MnTaO,N, it adopts a HTLN-type
structure, being stable (at least) down to 20 K, thus offering a
unique opportunity to comprehensively understand the stability
of the HTLN-type structure as well as the phase relation with
the LN-type structure, without involving thermal effects.

B EXPERIMENTAL SECTION

A polycrystalline sample of ZnTaO,N was synthesized by high-
pressure reaction using ZnO and TaON. TaON was synthesized by
heating Ta,05 (99.99%, Rare Metallic) at 850 °C for 1S h in flowing
dry ammonia gas at a rate of 20 mL/min. ZnO (99.9%, Rare Metallic)
and TaON were weighed in a stoichiometric ratio and mixed
thoroughly in air. Then, the mixture was pelletized, charged into a
platinum capsule, put into a high-pressure cell (pyrophyllite), and
heated at 1600 °C under 6 GPa using a cubic anvil press. After the
sample was pressed to a target pressure and heated to a target
temperature in 15 min, the temperature was stabilized for 1 h, and
then quenched to room temperature within 5 min, followed by a slow
release of the pressure.

The XRD data of the obtained product showed the formation of a
rhombohedral phase with cell parameters of a = 5.23 A and ¢ = 14.09
A, but it contained a large amount of impurity phases including TaON
(18.6 wt %) and ZnTa,0O (2.4 wt %) as shown in Figure S1. Varying
reaction temperature, pressure, and time failed to reduce the amount
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of impurity. However, when excess ZnO was used, the TaON impurity
was drastically reduced. The best quality was achieved in the case of
50% excess of ZnO. Although we could not eliminate a small amount
of TaON (3.5 wt %) and ZnTa,O4 (2.9 wt %), unknown peaks
disappeared after the sample was washed with HCI for 2 h at 80 °C
(Figure S2). The X-ray energy dispersive spectroscopy (EDS) of the
sample after wash gave the Zn/Ta molar ratio of 1.04 for the main
phase (Figure S3).

A whole solid solution series of (Zn;_ ,Mn,)TaO,N (0 < x < 1) was
synthesized in a similar way, using TaON, ZnO, and MnO (99.9%,
Rare Metallic) under 5.5 GPa at 1600 °C. The obtained samples were
also washed with HCL

To identify crystalline components of products, we measured
powder XRD patterns at room temperature on a Bruker D8 Advance
diffractometer equipped with a Cu Ka source. For structural
refinement, SXRD experiments were conducted at room temperature
on a Debye—Scherrer camera at the BLO2B2 beamline at SPring-8 (4 =
0.42023 A). NPD data were collected at 20 and 300 K using a
Cu(311) or Ge(311) monochromator (1 = 1.5401 and 2.0775 A,
respectively) on BT-1 at NIST Center for Neutron Research
(NCNR). Structural refinements were carried out using
JANA2006."® Cation composition of the materials was studied with
the energy dispersive X-ray (EDX) using an Oxford X-act detector
mounted on a Hitachi S-3400N scanning electron microscope. The
sample for transmission electron microscopy was prepared by
dispersing the powder in ethanol and depositing a few drops of the
dispersion on a holey carbon TEM grid. Electron diffraction (ED)
patterns were collected on an FEI Tecnai G2 electron microscope
operating at 200 kV. High-resolution high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) images
were acquired on a probe aberration corrected FEI Titan® 80-300
electron microscope operated at 300 kV. Optical second harmonic
generation (SHG) was tested for ungraded powders at room
temperature using a pulsed Nd:YAG laser (1 = 1064 nm, pulse
duration 25 ps, repetition rate 10 Hz) as the light source.

First-principles calculations were performed using the progector
augmented wave method as implemented in the VASP code.'” The
exchange-correlation term was treated with the Perdew—Burke—
Ernzerhof functional.* The plane-wave cutoff energies were set to 550
eV, and integration in reciprocal space was performed witha 6 X 6 X 2
I"-point centered mesh. The calculations were performed at 0, 6, and
20 GPa. The atoms on the 12¢ site in the HTLN-type structure were
set to 6a sites in the initial structures. The O—N configurations in both
LN- and HTLN-type structures were considered disordered by special
quasirandom  structure (SQSs).*! The SQSs were constructed
considering the ninth nearest neighboring pairs of the anion sublattice.

B RESULTS AND DISCUSSION

The XRD pattern of the new rhombohedral phase is quite
similar to that of LN-type MnTaO,N (Figure la)."” The
observed reflection conditions indicate that the space group is
either polar R3¢ or nonpolar R3c. Thus, we initially assumed the
LN-type structure (R3c) and carried out Rietveld refinement of
SXRD data, placing Ta and Zn at the 6a (0, 0, z) site (where z
= 0 and z ~ 0.28, respectively) and O at the 18b (x, y, z) site.
Nitrogen was not taken into consideration at this stage because
of little difference between the X-ray atomic scattering factors
of oxygen and nitrogen. The isotropic thermal parameter U, of
each atom was fixed to 3.0 X 107> A%,

The Rietveld refinement appeared to be converged with
agreement factors of R, = 8.87% and GOF = 3.98. However,
when isotropic thermal parameters were allowed to vary, a very
large value of Uy, = 35 X 107> A’ was obtained for Zn.
Inclusion of anisotropic thermal parameters gave a slightly
better result (R,, = 8.53%, GOF = 3.83), but Uy; for Zn
dictating a displacement along the ¢ axis was too large (48 X
10~ A%). Moreover, the z coordinate of 0.0794(3) for O

DOI: 10.1021/jacs.6b08635
J. Am. Chem. Soc. 2016, 138, 15950—15955


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08635/suppl_file/ja6b08635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08635/suppl_file/ja6b08635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08635/suppl_file/ja6b08635_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b08635

Journal of the American Chemical Society

locates Ta almost at the center of octahedron, ie, Ta—O =
2.001 A (x3) and 2.072 A (x3). It means that Ta>* feels a
negligible electrostatic repulsion from the countercation Zn>* in
the adjacent face-shared octahedra, which is distinct from
known LN-type compounds having much larger off-center
displacements of the B site (e.g,, Ta—O = 1.99 A (x3) and 2.11
A (x3) for MnTaO,N). From these results, we conclude that
the LN-type structure is unlikely.

Accordingly, the SXRD data was refined with the HTLN-
type structure (R3c) placing Ta at 6b (0, 0, 0), Zn at 12¢ (0, 0,
z) (where z ~ 0.28) with an occupation factor of g = 1/2, and
O at 18¢ (x, 1/3, 1/12), as shown in Figure 2a. We obtained
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Figure 2. Rietveld refinement of (a) SXRD and (b) ND data for
ZnTaO,N at room temperature (RT). Red crosses, green and blue
lines, and green ticks represent observed, calculated, difference
intensities, and Bragg peak positions, respectively.

better reliability factors of R, = 7.67% and GOF = 3.53, and
the obtained isotropic thermal parameters are in an acceptable
range. The resulting site occupancy of the mixed anion position
is go = 1.002(8), corresponding to a nearly stoichiometric
composition of ZnTa(O,N);s(24)- No off-stoichiometry was
observed for both cationic sites, while refining cation antisite
disorder did not improve the result. The refinement with Zn at
the “ideal” 6a site (in ZnOj; triangular coordination) gave an
enormously large U, of 38 X 10~ A% The Rietveld analysis
using powder ND data was also performed assuming the
HTLN-type structure (Figure 2b). The oxygen and nitrogen
atoms were found to be randomly distributed at the 18e site.
The O/N occupancy was constrained to be unity, and the
isotropic thermal parameters of O and N were set to be equal.
As a result, we obtained a nearly stoichiometric composition of
ZnTa0,Nygg()- The refined parameters of SXRD and ND
are summarized in Table 1. Bond valence sum (BVS)
calculations™ gave reasonable valences of +1.83 for Zn and
+4.80 for Ta. A similar result was obtained for MnTaO,N
(V(Mn) = +1.98, V(Ta) = +4.72).

The crystal structure analysis of ZnTaO,N is fully
corroborated by transmission electron microscopy. The ED
patterns (Figure 3a—c) can be completely indexed on a trigonal

Table 1. Structural Parameters of ZnTaO,N from Rietveld
Refinement on SXRD and ND Data at 300 K

atom 300 K (SXRD) 300 K (ND)
a/A 5.23103(3) 5.23104(5)
/A 14.0971(1) 14.1051(3)
Zn g 0.5 0.5
z 0.2828(1) 0.2829(2)
U,, (100 A%) 1.19(3) 1.15(8)
Ta g 1 1
s (100 A?) 0.76(1) 0.64(4)
O/N g 1 0.674/0.326(4)
x 0.0384(8) 0.0365(2)
0 (100 A?) 1.3(1) 0.98(3)
RWP/% 8.39 5.71
R,/% 5.74 4.60
GOF 3.86 1.26

“Space group R3¢ (No. 167), Z = 6, with atoms in the following
positions: Zn, 12¢ (0, 0, z); Ta, 6b (0, 0, 0); O(N), 18¢ (x, 1/3, 1/12).
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Figure 3. (a—c) ED patterns of ZnTaO,N. (d—g) High-resolution
HAADF-STEM images highlighting splitting of the Zn atomic
positions.

R3¢ lattice. High-resolution HAADF-STEM images (Figure
3d,e) confirm the refined atomic arrangement. In these images,
the intensity is proportional to the average atomic number of
the projected columns. The Ta columns appear as bright sharp
dots, while the intensity of the Zn columns is weaker and the
splitting of the Zn positions gives rise to the characteristic
intensity smearing along the ¢ direction (Figure 3fg). Notably,
the absence of any extra reflections and/or structured diffuse
intensity in the ED pattern indicates that the Zn displacements
from the “ideal” 6a sites are random, without noticeable short-
range correlations.
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SHG was tested at room temperature for an ungraded
powder of ZnTaO,N. No SHG response was observed,
consistent with the nonpolar (R3c) structure (Figure 4b).
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Figure 4. (a) Cell constants of (Zn,_Mn,)TaO,N. (b) SHG
intensities for x = 0, 0.97, 0.985, 1. For comparison, we plotted
results of La,O; (P3m1) and SiO, (P3,21).

Note that a tiny (nonzero) response comes from the surface
(where the inversion symmetry is broken), which is inevitable
for a powder specimen. Furthermore, the SXRD data at 20 K
was also refined with the HTLN-type structure (Figure S4),
meaning that, unlike LiNbO; and LiTaO;, ZnTaO,N does not
experience any structural transition. Annealing the quenched
ZaTaO,N at 300 and 500 °C for 1 day did not induce any
structural change. The low-temperature stabilization of the
HTLN-type structure indicates that a thermal factor is not the
cause of disordering of the A cations from the 6a site in the
basal anion layer, supporting the order—disorder scenario for
LiNbO, and LiTaOs.

The local coordination geometry in ZnTaO,N is illustrated
in Figure Sa. The Ta atom is located exactly at the center of the
octahedron with the equidistant Ta—(O,N) of 2.031 A, which is
close to those of LN-type compounds with Ta’": 1.909 and

(a) ZnTaO2N

(b) MnTaO2N

Figure 5. Coordination environment around A and B sites in (a)
ZnTaO,N and (b) MnTaO,N."”

2.073 A (av 1.991 A) in LiTaO;>* and 1.987 and 2.105 A (av
2.046 A) in MnTaO,N."” On the other hand, the coordination
environment of the ZnO,N, octahedron is quite unusual,
consisting of three short (1.992 A) and three long (2.505 A)
bonds. This highly anisotropic octahedral coordination
geometry (or a quasi-triangular coordination) makes a striking
contrast to those found in zinc-containing LN-type oxides
(Figure 5b) such as ZnTiO; (2.005 and 2.269 A),”* ZnSnO,
(2.041 and 2.310 A),*® and ZnPbO, (2.020 and 2.278 A).*°

For ZnTaO,N and all the reported compounds of the LN-

e mO89IS23726 o HTLN-type™' > structures, we calculated
an AOg octahedral distortion parameter, A, using the following
equation27

1 di_dav2
bl

(1)

where d, is the individual bond length and d,, is the average
length, and the result is represented in Table S1. It is clearly
seen that A for ZnO,N, is 1.30 X 107 at 300 K, which is far
larger than those of any other LN- and HTLN-type
compounds, for example, A = 0.362 X 107% for MnO,N, in
MnTaO,N,"” A = 0.381 x 1072 for ZnTiO;>* A = 0.503 X
1072 for ZnSnO;,** and A = 0.360 X 1072 for ZnPbO,.”°

So far, we have demonstrated that ZnTaO,N crystallizes in
the HTLN-type structure with Zn at the disordered site, and
this “high-temperature” form is kept to low temperatures. This
fact and the presence of the isovalent MnTaO,N with the LN-
type structure allow us to seek for factors to stabilize the
HTLN-type structure for ZnTaO,N (and LN-type for
MnTaO,N). We consider that the difference in structure
mainly arises from the difference in electron count between Zn
(d®) and Mn (d°). While a half-occupied d-shell in Mn?*
hybridizes with O/N 2p orbitals and favors octahedral
coordination, Zn>* with a fully occupied d-shell utilizes the
empty 4s and 4p orbitals, allowing a considerable distortion
from ZnO,N, octahedral symmetry to form a quasitriangular
ZnO,N coordination. Such a distortion may also be supported
by the coordination preference of the tetrahedral form for Zn**,
relative to Mn?".>” However, this cannot be a sole factor since
ZnM* O, (M = Sn, Ti, Pb) species adopt the LN-type structure
as well. It is hence considered that the occupation of the B site
by pentavalent Ta, due to the O* /N’ replacement (with
respect to ZnMOj), also contributes to the stabilization of the
HTLN-type structure. The greater Coulomb repulsion between
A*/B* cations (compared with A**/B*") across the shared
octahedral face pushes Zn®* far away from the octahedral
center, eventually favoring the HTLN-type structure (along
with the A site disorder).

As seen in Figure 1, both LN- and HTLN-type ABO,
structures are viewed as heavily distorted perovskites with the
antiphase rotation of corner-shared BOg octahedra along the
[111] direction (denoted as a"a”a” in the Glazer notation) so
as to accommodate a small A cation.”® In general, the degree of
octahedral rotation reduces with increasing temperature. In
CaTiO;, for example, the tilting system chan§es from a b*a” to
a%a’ at 1498 K and to %%’ at 1634 K. In LiNbO;, the
rotation angle reduces from @ = 23.3° at 300 K (LN phase)
and 20.48° at 1470 K (HTLN phase).” Interestingly, the
rotation angle of TaO,N, octahedra in ZnTaO,N at room
temperature is approximated as 24.3° which is larger than 22.5°
in MnTaO,N."” The reason for this opposite trend is not clear
yet, but given the fact that octahedral tilting in perovskite
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oxides has been mostly discussed for an ionic A cation favoring
a more symmetrical environment, a directional or covalent-like
bonding in Zn—(O,N) may lead to a less symmetrical
environment and enhance the rotation angle.’”’ We also
checked the tilting behavior for ZnTaO,N and MnTaO,N,
revealing that the TaO,N, octahedral tilting in the HTLN
phase of ZnTaO,N increases upon cooling (@ = 24.9° at 20 K),
which is a typical behavior in ABO; perovskite. On the other
hand, for MnTaO,N, the TaO,N, octahedral tilting remains
unaltered down to 20 K, within the experimental error. The
suppressed tilting for the latter may be related to the effect from
the face-sharing MnO,N,.

We prepared a solid solution (Zn,_ ,Mn,)TaO,N (0 < x < 1)
to examine the relation between the two structural types, as a
function of chemical composition. As in the x = 0 phase, a
certain excess of Zn is always necessary to reduce impurity
phases except for x = 1 (see laboratory XRD patterns in Figure
SS). Thus, the Zn/Mn ratio was determined by EDS (Table
S2). Figure 4a shows that the a axis decreases while the ¢ axis
increases with x. SXRD refinements revealed that samples with
x = 0.06, 0.26, 0.46, and 0.54 adopt the HTLN-type form
(Figures S6—S9). Strong SHG response is observable only for x
=0.985 and 0.99 (and 1), indicating that the HTLN-type phase
is stable over a wide x range (Figure 4b). Remarkably, only 3%
Zn substitution for Mn induces a centrosymmetric-to-non-
centrosymmetric transition, implying the LN-type structure in
MnTaO,N is close in energy to the HTLN-type. In order to
compare the stability of these two structures, we conducted
first-principles calculations for both end members (x = 0 and 1)
at various pressures using a 30-atom supercell, where the O/N
atoms were disordered by special quasirandom structures.’” It is
found that energy differences between LN- and HTLN-type
structures at ambient pressure are fairly small (7 and 34 meV/
fu. for x = 0 and 1) (Figure S10), supporting experimental
observations. We observed a tendency that the relative energy
of the HTLN-type structures decreases with increasing
pressure, and for ZnTaO,N the HTLN-type structure becomes
stable at 20 GPa.

H CONCLUSION

Using a high-pressure method, we have prepared a new
oxynitride ZnTaO,N. It crystallizes in a novel HTLN-type
structure, with Zn sitting on the disordered 12¢ site. This
structure shows a remarkable stability down to low temper-
atures, in contrast to reported HTLN-type compounds,
enabling us to investigate the phase stability (vs LN-type)
without thermal effects. It turned out that the stabilization of
the HTLN-type structure arises from the closed d-shell of Zn**
(affording the nearly triangular ZnO,N coordination) and a
strong electrostatic repulsion of Zn** and Ta®, a situation that
is possible only with an oxynitride with the total negative
charge of —7. Furthermore, only 3% Zn-for-Mn substitution in
MnTaO,N induces a transition from the LN- to the HTLN-
type structure. Together with the previous study,'” this study
domenstrates that the high-pressure reaction is advantageous
for the synthesis of oxynitrides contaning middle-to-late
transition metals. We believe that a number of oxynitrides
such as TMTaO,N and TMNbO,N (e.g, TM = Fe®', Co*',
Ni**) could be prepared in the future, which offers further
possibilities to tune the phase transition between LN- and
HTLN-type structures.
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