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ABSTRACT: A polar LiNbO3-type (LN-type) titanate ZnTiO3 has
been successfully synthesized using ilmenite-type (IL-type) ZnTiO3
under high pressure and high temperature. The first principles
calculation indicates that LN-type ZnTiO3 is a metastable phase
obtained by the transformation in the decompression process from the
perovskite-type phase, which is stable at high pressure and high
temperature. The Rietveld structural refinement using synchrotron
powder X-ray diffraction data reveals that LN-type ZnTiO3 crystallizes
into a hexagonal structure with a polar space group R3c and exhibits
greater intradistortion of the TiO6 octahedron in LN-type ZnTiO3
than that of the SnO6 octahedron in LN-type ZnSnO3. The estimated spontaneous polarization (75 μC/cm2, 88 μC/cm2) using
the nominal charge and the Born effective charge (BEC) derived from density functional perturbation theory, respectively, are
greater than those of ZnSnO3 (59 μC/cm2, 65 μC/cm2), which is strongly attributed to the great displacement of Ti from the
centrosymmetric position along the c-axis and the fact that the BEC of Ti (+6.1) is greater than that of Sn (+4.1). Furthermore,
the spontaneous polarization of LN-type ZnTiO3 is greater than that of LiNbO3 (62 μC/cm2, 76 μC/cm2), indicating that LN-
type ZnTiO3, like LiNbO3, is a candidate ferroelectric material with high performance. The second harmonic generation (SHG)
response of LN-type ZnTiO3 is 24 times greater than that of LN-type ZnSnO3. The findings indicate that the intraoctahedral
distortion, spontaneous polarization, and the accompanying SHG response are caused by the stabilization of the polar LiNbO3-
type structure and reinforced by the second-order Jahn−Teller effect attributable to the orbital interaction between oxygen ions
and d0 ions such as Ti4+.

■ INTRODUCTION

Ferroelectricity, piezoelectricity, pyroelectricity, and second-
order nonlinear optical behavior are technologically important
and have been interesting topics in material science and
engineering. Because these properties are attributable to the
noncentrosymmetric (NCS) structure,1 the search for materials
exhibiting such characteristics must begin with a search of NCS
materials. In searching for NCS materials, much attention has
been paid to oxides containing second-order Jahn−Teller
(SOJT) active cations,1−10 such as d0 transition metal ions (V5+,
Ti4+, Nb5+, Ta5+, Mo6+, W6+, etc.) and cations with a lone pair
electrons of ns2 (Pb2+, Bi3+ etc.). In particular, since ferroelectric
perovskite-type oxides (ABO3) containing Pb2+ and Bi3+ as A-
site ions exhibit high polarization and piezoelectric perform-
ance, the new Pb- and Bi-based perovskites11−28 have lately
attracted considerable attention as candidate ferroelectric and
multiferroic oxides. On the other hand, there are also naturally
occurring NSC structures such as the LiNbO3-type (LN-type)
structure. The LN-type structure can be described as a
derivative of the perovskite-type (Pv-type) structure,29 because

both LN-type and Pv-type compounds (general formula:
ABX3) possess three-dimensionally corner-sharing BX6 octahe-
dra. The cooperative cation shift along the hexagonal c-
direction (corresponding to the 111 direction in the
pseudocubic lattice of perovskite) against close-packed anions,
e.g. the oxygen layer, results in spontaneous polarization. To
the best of our knowledge, however, studies on functional LN-
type oxides relative to Pv-type oxides have been limited
because, with the exception of the well-known cases of
LiNbO3

30,31 and LiTaO3,
32,33 only a few LN-type compounds,

such as LiUO3,
34−36 LiReO3,

37 Li1−xCuxNbO3,
38 (Li,Cu)-

TaO3,
39 have been synthesized under ambient conditions. In

contrast, in the field of earth science and high-pressure science,
LN-type compounds are considered to be retrograde products
of high-pressure perovskite-phases during decompression,29

and several LN-type oxides, such as MnMO3 (M = Ti,40−43

Sn44,45), FeMO3 (M = Ti,41,45−47 Ge48), MgMO3 (M = Ti,49
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Ge41,50,51), ZnGeO3,
51,52 the phase close to (Ca,Mg,Fe)-

Al2SiO6,
53 CuTaO3

54 have been reported as metastable
quenched phases. Among them, Sleight et al.54 and Syono et
al.40,44 were the first to focus on the high-pressure synthesis of
LiNbO3-type oxides as functional materials. Following them, it
has recently been reported that novel LN-type oxides, such as
ZnSnO3,

55−58 CdPbO3,
57 PbNiO3,

57,59 (In1−xMx)MO3 (x ≈
0.111−0.176; M = Fe0.5Mn0.5),

60,61 GaFeO3,
62 and LiOsO3

63

synthesized under high pressure and high temperature exhibit
polar structures with a hexagonal polar space group R3c. In
addition, LN-type oxides containing transition metal ions,64

such as FeTiO3
65 and MnMO3(M = Ti, Sn),66 show the

dielectric and magnetic coupling behavior and have been
examined as multiferroics. These findings suggest that we might
find attractive functional properties by the selection of
constituent ions based on their having a naturally occurring
polar LN-type structure. Among the LN-type oxides, ZnSnO3

55

is composed of only d10 ions, Zn2+ and Sn4+, without SOJT d0

ions or stereoactive 6s2 ions, indicating that the polarity
primarily originates from a polar LN-type structure stabilized
using high pressure and temperature. This is supported by the
fact that the calculated Born effective charges (BECs) for Zn
and Sn are close to the nominal charges in ZnSnO3

67,68

although the BEC of Nb is much greater than the nominal
charge in LiNbO3.

67,69 Furthermore, we found that the SHG
intensities and dielectric permittivity of LN-type polar oxides
with the second-order Jahn−Teller ions with d0 electronic
configuration (Ti4+, Nb5+, Ta5+), such as MnTiO3, LiNbO3, and
LiTaO3, are greater than those of LN-type stannates such as
MnSnO3 and ZnSnO3.

58 This is attributable to the high
electronic polarization of SOJT active ions. On the basis of
these findings, the LN-type ZnTiO3 with a SOJT active ion,
Ti4+, is found to be one of the candidate polar oxides exhibiting
high polarization. According to previous reports,45,57 when the
tolerance factor of perovskite, t, calculated using the ionic radii
after Shannon70 in an 8-fold and a 6-fold coordination for the
A-site and B-site, respectively, is not more than 0.85, the LN-
type phase generally appears, although there are some
exceptions. The tolerance factor of ZnTiO3 is 0.81, indicating
that the LN-type phase is likely to appear. However, LN-type
ZnTiO3 has not been reported yet. Ito et al.41 have reported
that ilmenite-type (IL-type) ZnTiO3 decomposes into rocksalt-
type ZnO and dense fluorite-related TiO2 (probably
baddeleyite-type TiO2

71) at a pressure between 20 and 25
GPa. In this study, based on the report by Ito et al.,41 we have
successfully synthesized the LN-type ZnTiO3 under a pressure
less than 20 GPa and elucidated the crystal structure, high-
pressure phase stability, and polar property, i.e., SHG response.
The phase stability and the polarity were also evaluated by first
principles calculation. The SOJT effect on the crystal structure
and related polarity are discussed.

■ EXPERIMENTAL PROCEDURES
Polycrystalline ZnTiO3 was synthesized by a solid-state reaction. First,
the IL-type ZnTiO3 was synthesized using the starting materials,
wurtzite-type ZnO (>99.9% in purity) and rutile-type TiO2 (>99.9% in
purity). The metal content of the reagent of ZnO was checked by
chelatometry with ethylenediaminetetraacetic acid (EDTA) prior to
the usage. An equimolar mixture of starting materials was heated at
850 °C for 20 h twice with an intermediate grinding at ambient
atmosphere, or at 1000 °C for 30 min under a pressure of 7.5 GPa
using a cubic multianvil-type high-pressure and high-temperature
apparatus (TRY, NAMO2001). In the high-pressure synthesis, the
sample was sealed by an Au capsule. The details are described in the

Supporting Information of our previous work.55 LN-type ZnTiO3 was
synthesized using IL-type ZnTiO3 as a precursor under high-pressure
and high-temperature conditions in a high-pressure and high-
temperature Kawai-type multianvil apparatus. The sample was then
directly packed into a cylindrical Pt heater. The details of the cell
assembly and the calibration of pressure were described in previous
reports.72,73 The IL-type phase was heated at 1100−1200 °C for 30
min under a pressure of 16−17 GPa and then was quenched to room
temperature. In these pressure and temperature conditions, TiO2 does
not adopt a dense baddeleyite-type form but α-PbO2-type form.

71 The
obtained sample was ground and annealed at 400 °C for 12 h in air.
The phase identification of the obtained samples was performed by the
powder X-ray diffraction (XRD) method using a Rigaku RINT2100
diffractometer (graphite-monochromatized Cu Kα) in our laboratory.
For the structure refinement for LN-type ZnTiO3, synchrotron
powder X-ray diffraction (SXRD) data at room temperature were
collected on a Debye−Scherrer-type powder diffractometer with an
imaging plate-type detector installed at the BL02B2 beamline at
SPring-8.74 The scan step size was 0.01° in 2θ at a wavelength of λ =
0.42030 Å for LN-type ZnTiO3. Here, the sample was packed into a
glass capillary of 0.2 mm diameter. The crystal structure was refined
using the Rietveld analysis program, RIETAN-FP.75 The crystal
structures were drawn using the program VESTA76 based on the
structural refinement results. Powder second harmonic generation
(SHG) measurements at room temperature were performed on a
modified Kurtz77 nonlinear optical system using 1064 nm light. The
ungraded polycrystalline LN-type ZnTiO3 was used for measurement
of the SHG response. Due to the small amount of sample, we could
not check the particle size-dependence of the SHG signal. To make
relevant comparisons with known SHG materials, LiNbO3 powders
were also prepared. The SHG radiation was collected in reflection
mode using a Continuum Minilite II YAG:Nd laser (λ = 1064 nm)
operating at 10 Hz. The reflected radiation from the sample, after
passing an IR cutoff filter to remove the incident laser light, was
introduced into a monochromator (MC-10N; Ritu Co., Ltd.) using an
optical fiber in order to extract only the radiation with a wavelength of
532 nm, and detected by an attached photomultiplier tube (PMT)
(R6427; Hamamatsu Photonics). A digital oscilloscope (RTM1052;
Rohde and Schwarz) connected with the PMT via a preamplifier was
used in order to monitor and collect the SHG data. The intensity of
incident laser light was checked by a photodiode behind an ND filter.
The phase stabilities of three ZnTiO3 compounds with LN-type, IL-
type, and Pv-type structures were evaluated by first principles density
functional theory (DFT). Vienna ab initio simulation package (VASP)
ver. 5.278,79 was utilized with the modified Perdew−Burke−Ernzerhof
generalized gradient approximation (PBEsol-GGA)80,81 and with the
projector-augmented wave (PAW) method.82 Spin polarization
calculation was adopted. Relaxation was allowed and the final energies
of the optimized geometries were recalculated so as to correct for
changes in the plane-wave basis during relaxation. A kinetic cutoff
energy of 500 eV was found by a convergence test (<3 meV/LN-type
ZnTiO3). Relaxed structure calculations were performed at various
constant volumes, and then the energy-volume data were fitted to the
Murnaghan equation of state83
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where B0 is the bulk modulus at zero pressure, B′ its first derivative, E0
the minimum energy, and V0 the volume at the minimum energy. In
addition, the original definition of bulk modulus B can be expressed as
follows:

= −B V p Vd /d (2)

where V and p are volume and pressure, respectively. By combining
eqs 1 and 2, we obtained an enthalpy-pressure diagram for the
calculated structures. Phonon frequencies and their contribution to
free energy changes were calculated by the supercell approach using
PHONOPY code.84 Density functional perturbation theory (DFPT),85
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also implemented in VASP, was used to estimate the real-space force
constants of supercells.

■ RESULTS AND DISCUSSION
Phase identification, structure refinement of LiNbO3-

type ZnTiO3. The X-ray diffraction (XRD) patterns for
ilmenite-type (IL-type) ZnTiO3 synthesized using two different
processes are shown in Figure S1 of the Supporting
Information [SI]. The IL-type phase is in accordance with
the phase in the previous report.86 When IL-type ZnTiO3 was
synthesized at ambient pressure, a small amount of spinel-type
Zn2TiO4 and rutile-type TiO2 as impurity phases were
observed, while the single phase of IL-type ZnTiO3 was
obtained by high-pressure synthesis. The sample recovered
after the heat treatment of IL-type ZnTiO3 at 1200 °C for 30
min under a pressure of 16 GPa exhibited a bluish-gray color
attributable to a small amount of oxygen vacancies. The sample
after annealing at 400 °C for 12 h in air exhibited the same X-
ray diffraction pattern as the pristine sample, although the color
changed to light gray. As seen in Figure 1, the powder XRD

pattern of the sample was different from that of IL-type ZnTiO3
(space group: R3̅ (No. 148)), although the diffraction peaks
could be indexed under the assumption of a hexagonal lattice. It
can be easily recognized that diffraction peaks with mirror
indices, such as 0 0 3 and 1 0 1, are absent, indicating that their
space group is different from that of IL-type ZnTiO3 and that
phase transformation from the IL-type phase occurred. In
addition, the sample exhibited positive SHG response
indicating NCS, while the centrosymmetric IL-type phase
showed no SHG response. Considering the reflection condition
of the XRD pattern (−h + k + l = 3n for hkil, l = 2n for h−h0l,
and l = 6n for 000l (n: integer)) and positive SHG response,
the sample possesses a hexagonal polar space group R3c (No.
161) just as LN-type ZnSnO3 does. The Rietveld structure
refinement using SXRD data based on the findings ensured that
the sample possesses an LN-type structure with R3c. Figure 2
displays the observed and calculated SXRD patterns and their
differences for LN-type ZnTiO3 (annealed sample at 400 °C,
12 h in air) at room temperature. The refined structural
parameters for LN-type ZnTiO3 are listed in Table 1. The
selected interatomic distances and the bond angles of LN-type
ZnTiO3 are also listed in Table S1 of the SI. The calculation of
bond valence sum (BVS)87−90 using the interatomic distances
shown in SI, Table S1, gives 1.98 for Zn and 4.01 for Ti. These

values are consistent with the nominal ones. Figure 3 shows the
refined crystal structures of IL-type and LN-type ZnTiO3. As

shown in Figure 3, between IL-type and LN-type ZnTiO3, the
stacking of BO6 octahedra is different. In ilmenite-type oxides,
the AO6 and BO6 octahedra are linked with shared edges, and
the A and B ions are alternatively stacked along the c-axis. On
the other hand, in LiNbO3-type oxides, the BO6 octahedra are
linked with shared corners just as in perovskite-type oxides.
Therefore, from ilmenite to lithium niobate or perovskite,
cation rearrangement is required. Furthermore, attributable to
the difference in the stacking, the cation−cation repulsion
between A and B ions in ilmenite-type structure directs the
cancellation of polarization, on the other hand, the cation−
cation repulsion in LiNbO3-type structure directs the polar-
ization along c-axis.

Phase Stability Relations of ZnTiO3 Polymorphs. The
lattice volume of LN-type ZnTiO3 (51.4 Å3/ f.u.) is smaller

Figure 1. Powder X-ray diffraction patterns for LiNbO3 (LN)-type and
ilmenite (IL)-type ZnTiO3.

Figure 2. Observed (+) and calculated (solid line) powder
synchrotron X-ray diffraction patterns, difference (solid line on the
bottom), and peak positions (|) for LiNbO3-type ZnTiO3 at room
temperature.

Table 1. Structural Parameters for LiNbO3-Type ZnTiO3 at
Room Temperaturea

atom site x y z B/Å2

Zn 6a 0 0 0.27913(5) 0.825(18)
Ti 6a 0 0 0 0.134(17)
O 18b 0.0403(4) 0.3386(3) 0.06378(17) 0.547(3)

aHexagonal, space group R3c (No. 161), Z = 6, a = 5.09452(12) Å and
c = 13.7177(3) Å, V = 308.332(12) Å3; Rwp = 3.36%, Rp = 2.54%, Re =
3.63%, S = 0.93, RB = 2.15%, RF = 1.86%

Figure 3. Crystal structures of ilmenite-type ZnTiO3 (a) and LiNbO3-
type ZnTiO3 (b).
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than that of the IL-type phase (51.9 Å3/f.u.),86 which is
consistent with the fact that the LN-type phase was obtained by
high-pressure synthesis. The lattice volume of LN-type ZnTiO3
is much greater than the sum (45.8 Å3/f.u.) of the lattice
volumes of NaCl-type ZnO91 and baddeleyite-type TiO2,

71

indicating that in the pressure region more than 20 GPa
ZnTiO3 decomposes into ZnO and TiO2, as Ito et al. have
reported.41 On the other hand, the lattice volume of LN-type
ZnTiO3 (51.4 Å3/ f.u.) is slightly greater than the sum (50.3
Å3/f.u.) of the lattice volumes of NaCl-type ZnO91 and α-
PbO2-type TiO2,

92 which are thought to be stable at 16−17
GPa, respectively. This finding suggests the presence of a
compound more dense than LN-type ZnTiO3, with a smaller
lattice volume than the sum of those of NaCl-type ZnO91 and
α-PbO2-type TiO2.

92 As mentioned above, in the field of earth
science, the LN-type phases are considered to be retrograde
products of high-pressure perovskite-phases during decom-
pression. The Pv-type ZnTiO3 is probably stable at 16−17 GPa
and transforms to the LN-type phase in the decompression
process. The phase stability was then evaluated by first
principles calculation. Table 2 lists the optimized crystal

structures of LN-type ZnTiO3. The results show good
accordance with the experimental ones shown in Table 1.
Figure 4 displays the variation of the total energy for LN-type

ZnTiO3 as a function of cell volume. The solid line in the figure
represents the fitted line using the Murnaghan equation of
state, and shows good fits ranging from ∼80 to ∼110 vol %
against the ground-state structure. In the same way, fitting was
carried out for the IL-type and Pv- type ZnTiO3 compounds.
Note that the initial lattice and ion configurations of the Pv-
type ZnTiO3 refer to the reported structure of CaTiO3 with
Pnma symmetry.93 The fitting results, the cell volume V0, and

the bulk modulus B0 at zero pressure, are summarized in Table
3. The volume of the LN-type phase is smaller than that of the

IL-type phase, that of the Pv-type phase is smaller than those of
the other two phases, and the Pv-type phase becomes the most
stable phase at a volume region smaller than around 44 Å3/f.u.
Hence, the Pv-type structure is expected to be stable at a high-
pressure region. Furthermore, the calculated lattice volume of
Pv-type ZnTiO3 (49.7 Å3/f.u.) is slightly smaller than the sum
(50.3 Å3/f.u.) of the lattice volumes of the NaCl-type ZnO91

and α-PbO2-type TiO2,
92 which supports the notion that Pv-

type ZnTiO3 is stable at 16−17 GPa. Using eq 2 relationship,
the pressure dependences of the enthalpy (E + pV) for three
types of ZnTiO3 phase were plotted as a solid line in Figure 5a.
The enthalpy of LN-type was set as zero for purposes of
comparison (relative enthalpy), and zero-point energy
correction and the phonon contribution were not included.
In the pressure range below 25 GPa, the IL-type phase is the
most stable in terms of enthalpy, indicating that the LN-type
ZnTiO3 never appears by increasing pressure. The relative
enthalpy or free energy of the Pv-type phase decreases more
rapidly with pressure than that of the IL-type phases because
this phase has a smaller volume than the other structures. The
calculated phonon-dispersion curves of LN-type ZnTiO3 are
presented in the SI, Figure S2. The absence of imaginary
frequencies indicates that the LN-type ZnTiO3 phase is a
dynamically stable structure. By considering the phonon
contribution, the free energy (relative free energy) at 1200
°C as a function of pressure was also plotted as the hatched line
in Figure 5a. As seen in the figure, the relative free energies of
the Pv-type and IL-type phases decreased and increased with
the temperature increase, respectively. As a result, the Pv-type
phase formed thermodynamically above 13.5 GPa, while the
LN-type phase could not be stabilized. We confirmed that the
LN-type phase is always thermodynamically unstable among
the three polymorphs within the computed range of temper-
ature (<1500 °C) and pressure (<25 GPa). The thermody-
namical instability at any pressure and temperature of LN-type
ZiTiO3 under the present computations was obviously
inconsistent with the formation of LN-type ZnTiO3 in the
present experiments. We infer that kinetic effects suppress the
phase transition from Pv-type to IL-type ZnTiO3, but allow that
from the Pv-type to LN-type phase by reducing the pressure at
room temperature. As mentioned above, the arrangements of
ions in the Pv-type and the LN-type structures are topologically
equivalent, where both the Pv-type and LN-type structures
consist of a framework of corner-sharing octahedra containing
Ti (TiO6), and Zn ions are located inside the framework.
Hence, diffusionless transformation is conceivable between two
structures even at relatively low temperature. This is supported
by the fact that Pv-type PbNiO3 is transformed to LN-type
PbNiO3 at 250 °C at ambient pressure.59 On the other hand,
the crystal structure of IL-type ZnTiO3, where each TiO6
octahedron shares three edges with adjacent octahedra, forming

Table 2. Structure Parameters for LN-Type ZnTiO3
Obtained by First Principles DFT Calculation

atom site x y z

Calculationa

Zn 6a 0 0 0.2814
Ti 6a 0 0 0b

O 18b 0.0441 0.3454 0.0653
aHexagonal, space group R3c (No. 161), Z = 6, a = 5.0875 Å and c =
13.7160 Å. bThe fractional z coordinate for Ti was fixed to be zero.

Figure 4. (a) The variation of total energy as a function of cell volume
for LN-type, Pv-type, and IL-type ZnTiO3. The solid line is a fitted line
using the Murnaghan equation of state.83

Table 3. List of the Volumes and Bulk Moduli at Zero
Pressure for Various ZnTiO3 Polymorphs Calculated by
First-Principles DFT (‘f.u.’ = formula units)

cmpds volume/Å3 f.u. bulk modulus/GPa

IL-type ZnTiO3 51.6 191
LN-type ZnTiO3 51.2 204
Pv-type ZnTiO3 49.7 214
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two-dimensional TiO6 sheets, is not topologically consistent
with the others, indicating that the phase transition from Pv-
type to IL-type is unlikely in terms of kinetics at the low
temperature region. Figure 5b presents relative free energies of
the three types of ZnTiO3 polymorphs as a function of
temperature at various pressures. The phase transition
temperature from the IL-type to Pv-type ZnTiO3 phase (IL→
Pv phase transition) decreases by increasing pressure, i.e., the
ilmenite−perovskite phase boundaries have negative slopes and
are expressed as P(GPa) = 29.1 − 0.0105T (K), indicating that
the entropy of the Pv-type phase is greater than that of the IL-
type phase. This is the common feature in the phase transition
between the Pv-type and IL-type phases.29 On the other hand,
the phase transition from Pv-type to LN-type ZnTiO3 (Pv→LN
phase transition) driven by a diffusionless mechanism occurs at
a lower temperature than the Pv→IL phase transition, and the
Pv→LN phase transition temperature decreases with increasing
pressure. Therefore, we interpret the experimental synthesis of
the LN-type ZnTiO3 phase as follows: (i) The Pv-type ZnTiO3
was formed under a high-pressure and high-temperature
conditions. (ii) By temperature quenching, the Pv-type
structure remained without the transformation to IL-type
phase, alhough the IL-phase is thermodynamically more stable
than the Pv-phase at intermediate temperature. (In this
temperature region, the LN-type phase is unstable against
both of the IL- and Pv-phases.) The temperature-quenching
process kinetically inhibited the rearrangement of ionic
configuration between IL- and Pv-type structures. (iii) The
LN-type phase appeared due to the diffusionless Pv→LN phase
transition in the decompression process at room temperature
(in the case of 10−15 GPa in Figure 5b). With respect to
process (i), the experimental finding that LN-type ZnTiO3 was
obtained under the conditions of 16 GPa and 1200 °C was
consistent with the calculation result that under this condition
the Pv-phase is stable, as seen in Figure 5b. Furthermore, it is
worth noting that the suppression of the Pv→IL phase
transition in process (ii) could be ascribed to the kinetic effect,
as mentioned above. In fact, when LN-type ZnTiO3 was
annealed at 500 °C for 12 h in air, a transformation to the IL-
type phase occurred. The experimental details of the pressure−
temperature phase relation of ZnTiO3 will be reported in the
near future.

Relationship between the Crystal Structure, Elec-
tronic Properties and Polarity of LiNbO3-Type ZnTiO3
and Other Oxides. The ionic polarization, Ps, was calculated
by use of a simple point-charge model and is given by

∑ δ=
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟P q d V/s

i
i i

(3)

where V is the unit-cell volume, qi is the nominal charge on the
ith atom and δdi is the displacement along the c-axis of the ith
atom from its position in the centrosymmetric structural
arrangement in which Ps = 0. The calculated polarization is 75
μC/cm2, which is greater than those of ZnSnO3 (59 μC/cm

2)55

and LiNbO3 (62 μC/cm2).94 Next, we estimate the intra-
distortion of the BO6 octahedron, ΔB, which is defined by the
following equation.87 Here, di is the interatomic distance and
dAV is the average of the interatomic distances.

∑Δ = −
=

d d d1/6 {( )/ }
i

iB
1

6

AV AV
2

(4)

The ΔB for TiO6 in LN-ZnTiO3 is 47 × 10−4, which is 1 order
of magnitude greater than the ΔB of SnO6 in LN-ZnSnO3,

55 5
× 10−4, and is close to the value of 40 × 10−4 for NbO6 in
LiNbO3.

94 The shifts of A-site and B-site ions from their
centrosymmetric positions (fractional coordinates), δzA and
δzB, calculated spontaneous polarizations, Ps, and intra-
octahedral distortions of BO6, ΔB for LN-type ZnTiO3,
ZnSnO3, and LiNbO3, are summarized in Table 4. Note that
the displacements of Zn and Ti ions are estimated by assuming
corresponding centrosymmetric structures with R 3 c
symmetry, in which the A and B ions are located in the center
of the oxygen triangle plane and the center of the BO6 oxygen
octahedral cages, respectively.69 As seen in Table 4, δzB in

Figure 5. (a) Pressure dependence of the relative enthalpies or free energies for three types of ZnTiO3 phases. The solid line corresponds to the
enthalpy without a temperature effect and zero-point energy correction, whereas the hatched line represents the free energy at 1200 °C. The energy
of LN-type ZnTiO3 is set as zero for purposes of comparison. (b) Temperature dependence of the relative free energies for three ZnTiO3 phases.

Table 4. Structural Parameters and Polarization for LiNbO3-
Type ZnTiO3, ZnSnO3, and LiNbO3 at Room Temperature

cmpds δzA δzB Ps /μCcm
−2 ΔB

ZnTiO3 0.0487 0.0196 75 47 × 10−4

ZnSnO3 0.0483 0.0124 59 5 × 10−4

LiNbO3 0.0487 0.0200 62 40 × 10−4
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ZnTiO3 and LiNbO3 is much greater than that in ZnSnO3,
though the values of δzA are close, indicating that the greater
polarization in ZnTiO3 and LiNbO3 than in ZnSnO3 is
primarily attributable to the large shift of Ti/Nb ions. The
greater shifts and intraoctahederal distortions of BO6 in ZnTiO3
and LiNbO3 are likely attributable to an SOJT effect based on
the hybridization between the empty Ti 3d/Nb 4dπ(t2g) orbital
(LUMO) and occupied O 2pπ orbital (HOMO). The variation
of ΔB versus δzB for various LiNbO3-type oxides is plotted in
Figure 6. Here, we calculated the values of ΔB and δzB for other

compounds than ZnTiO3, LiNbO3, and ZnSnO3 shown in
Table 4 using the reported structural parameters. We then
adopted the structural parameters in previous reports on
MnMO3 (M = Ti, Sn),66 FeTiO3,

47 LiTaO3,
32 and PbNiO3.
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The magnitude of ΔB does not necessarily increase with δzB,
though such a tendency can be seen. On the other hand, it is
noteworthy that the ΔB for the compound with d0 B ions such
as Ti4+, Nb5+, and Ta5+, is much greater than that for stanates
and nickelate. These data indicate that the distortion of BO6 in
LiNbO3-type oxides with d0 B ions is effectively brought about
by the SOJT effect. Furthermore, the order of ΔB among the
compounds with d0 B ions is as follows: Ti4+, Nb5+ > Ta5+. The
SOJT distortions occur when a HOMO−LUMO energy gap is
sufficiently small and there is a symmetry-allowed distortion
giving rise to mixing between the two orbitals. Wheeler and
Hoffmann et al.7 and Kunz and Brown8 pointed out that, when
the B ion is a d0 ion, the magnitude of the intradistortion of
BO6 attributable to the SOJT effect depends inversely on the
energy gap between the empty dπ(t2g) orbital (LUMO) and
occupied oxygen 2p orbital (HOMO). From the difference in
electronegativity95 between these SOJT ions and oxygen, we
can expect the energy gap to be Zr4+ > Ta5+ > Nb5+ > Ti4+.
Furthermore, we can infer that the energy gap correlates to the
band gap energy because the top of valence band is primarily
derived from O 2p nonbonding, and the conduction band is
primarily contributed by the antibonding B d(t2g)-O 2pπ*
orbital in the compounds with corner-shared BO6 octahedra
such as perovskite-type and LiNbO3-type oxides. In fact, the
experimental optical band gap energies of perovskite-type for
AMO3 (M = Ti4+, Nb5+, Ta5+)96,97 are 3.1 eV for SrTiO3, 3.4 eV
for CaTiO3, 3.1 eV for KNbO3, 3.4 eV for NaNbO3, 3.2 eV for
La1/3NbO3, 3.5 eV for KTaO3, 4.0 eV for NaTaO3, 3.9 eV for
La1/3TaO3. Summarizing these data, the optical band gap

energies are the following order: Ta5+ > Ti4+, Nb5+. From the
consideration of electronegativity and band gap energy, we can
expect the order of magnitude of the SOJT effect to be Ti4+,
Nb5+ > Ta5+, which is consistent with the results seen in Figure
6. These findings are further supported by the intradistortion of
the BO6 octahedron calculated from the structure parameters
by first principles DFT calculation, ΔBFP and the Born effective
(dynamic) charge (BEC). The BEC tensors of the LN-type
ZnTiO3 and spontaneous polarization along the c-axis were
calculated using the DFPT approach (Table 5).85 For the

purposes of comparison, the calculations were also performed
for the isostructural compounds of ZnMO3 (M = Ge, Zr, Sn)
and LiNbO3. Among them, only ZnZrO3 is a virtual compound.
The lattice parameters and fractional coordinates of ions
obtained by the DFT calculations are given in the SI, Table S-2.
The calculated intradistortion of the BO6 octahedron, ΔBFP of
ZnTiO3 and LiNbO3 with d0 B ion, is greater than that of
ZnGeO3 and ZnSnO3, while the ΔBFP of ZnZrO3 is almost the
same, although the Zr4+ ion has a d0 electronic configuration.
This is partly attributable to the difference in energy gap for the
compound with d0 B ions, Zr4+ > Ta5+ > Ti4+, Nb5+. Among the
computed compounds, ZnTiO3, which was synthesized in this
study, showed the largest spontaneous polarization of 88.0 μC/
cm2. The finding that the polarization of ZnTiO3 was greater
than that of ZnSnO3 is consistent with the experimental results.
This was due to the difference in the BEC between Ti (∼+6.1)
and Sn (∼+4.1), as listed in Table 5. As stated above, the BEC
of Zr (∼+5.8) in the ZnZrO3 phase and of Nb (∼+7.2) in the
LiNbO3 phase are deviated from nominal charges (Zr4+ and
Nb5+), while that of Ge (∼+4.3) in the ZnGeO3 phase showed
accordance with nominal charge. The common feature of the
metal ions, Ti, Zr, and Nb, which possess larger BEC than the
corresponding nominal charges, is the d0 electronic config-
uration, so that the SOJT mechanism can account for the
deviation of the BECs. Table 5 also lists the indices that
represent the contribution of ionic displacement at Zn2+ (Li+)
and M4+ (Nb5+) in ZnMO3 (LiNbO3) compounds to the
spontaneous polarization. The definition of the indices is
expressed as follows,

= =I p p p p(Zn)/ (M), (or (Li)/ (Nb)for LiNbO )A/B 3
(5)

where p(X) indicates the electronic polarization of the X ion
calculated by considering the ionic displacement and the BEC
of the X ion. The indices for ZnSnO3 and ZnGeO3 are larger
than unity (1.7 and 1.8, respectively), so that the displacement

Figure 6. Variation in the distortion of the BO6 octahedron, ΔB versus
the shift of the B-site ion from the centro-symmetric position, and δzB
for various LiNbO3-type oxides.

Table 5. List of Averaged Diagonal Components of Born
Effective Charge (BEC) Tensors, ΔBFP and Spontaneous
Polarization, p, along the c-Axis for LN-Type ZnMO3 (M =
Sn, Ge, Ti, Zr) and LiNbO3 Obtained by First Principles
DFT Calculationa

BEC

cmpds Zn or Li M or Nb ΔBFP p /μC cm−2 IA/B

ZnTiO3 2.35 6.14 27 × 10−4 88.1 1.1
ZnGeO3 2.27 4.33 5 × 10−4 60.4 1.8
ZnZrO3 2.33 5.84 4 × 10−4 78.1 1.2
ZnSnO3 2.32 4.12 2 × 10−4 65.2 1.7
LiNbO3 1.15 7.19 22 × 10−4 75.8 0.4

aIA/B refers to the contribution of cation displacements at two sites to
the spontaneous polarization, p (see main text).
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of Zn2+ largely affects the spontaneous polarization. On the
other hand, the small index of LiNbO3 (0.4) indicates the
significant contribution of the ionic displacement of Nb5+ to the
spontaneous polarization. The opposite trend between ZnSnO3
or ZnGeO3 and LiNbO3 can be explained by the twice-larger
nominal charges of Zn2+ than Li+ and the SOJT effect of the
Nb5+ ion. The indices of ZnTiO3 and ZnZrO3 are close to
unity, and thus both effects, the divalency of the Zn ion and
large BEC for the d0 transition metal ion, result in the relatively
large spontaneous polarizations. Furthermore, the calculation
suggests that ZnZrO3 is a candidate LiNbO3-type compound.
Figure 7 shows the SHG response of LN-type ZnTiO3. For

comparison, the SHG response of ZnSnO3 is also presented.

The SHG intensity of LN-type ZnTiO3 is 24 times greater than
that of LN-type ZnSnO3, and it corresponds to 5% of the SHG
response for LiNbO3. The SHG response can be explained by
using the anharmonic model with the following potential.98

ω
= +V x

m
x Dx( )

2
0
2

2 3
(6)

Here, for simplicity, we consider a one-dimensional oscillator of
the noncentrosymmetric system. D is the anharmonic potential
coefficient. Using the linear electric susceptibility, χ (ω), the
second-order anharmonic susceptibility, χ(2) (2ω, ω, ω) is given
by

χ ω ω ω
ε

χ ω χ ω=
| |D
N e

(2 ; , )
3

(2 )[ ( )](2) 0
2

2 3
2

(7)

When we assume that χ(2ω) ≈ χ(ω) and introduce the relation
between the refractive index, n and χ(ω), n2 =1 + χ(ω) to eq 7,
we have

χ ω ω ω
ε

≈
| |

−
D

N e
n(2 ; , )

3
( 1)(2) 0

2

2 3
2 3

(8)

The SHG intensity, I is therefore given by

χ∝ ∝ −I D n( 1)(2) 2 2 62

(9)

From eq 9, the SHG intensity is primarily dependent on the
anharmonic potential coefficient and refractive index. The
much greater SHG response of ZnTiO3 than that of ZnSnO3
reveals that the anharmonic potential coefficient of ZnTiO3 is
greater than that of ZnSnO3 because the refractive index of
ZnSnO3 is thought to be close to or greater than that of

ZnTiO3. The anharmonic potential coefficient is therefore
enhanced by the intradistortion of BO6 octahedra. Con-
sequently, the polar properties such as polarization and SHG
response in LN-type ZnTiO3 are brought about by the
stabilization of the polar LiNbO3-type structure and reinforced
by the SOJT effect of Ti4+ ion.

■ CONCLUSION
The polar LiNbO3-type ZnTiO3 was successfully synthesized
under a pressure of 16−17 GPa and 1100−1200 °C. The first
principles calculation indicates that LN-type ZnTiO3 is a
metastable phase obtained by transformation in the decom-
pression process from perovskite-type phase stable at high
temperature and high pressure. This is consistent with the
experimental results. The greater polarization and SHG
response in LN-type ZnTiO3 compared to those in LN-type
ZnSnO3 are primarily attributable to the SOJT effect of the Ti4+

ion. We found that the distortion of BO6 octahedra and the
accompanying polar properties in LN-type oxides are brought
about by the stabilization of the LN-type structure using high-
pressure synthesis and reinforced by the second-order Jahn−
Teller effect of the d0 ion. This is supported by the finding that
the Born effective charge (BEC) of the d0 ion is much greater
than the nominal charge. Taken together, the findings reveal
that the cooperative SOJT effect in polar compounds such as
LiNbO3-type oxides with the d0 B ion, e.g., LiNbO3, LiTaO3,
ATiO3 (A = Mg, Mn, Fe, Zn), ZnZrO3 would result in excellent
polar properties. The spontaneous polarization of LN-type
ZnTiO3 is greater than that of LiNbO3, indicating that LN-type
ZnTiO3, like LiNbO3, is a candidate ferroelectric material with
high performance. The high-pressure synthesis of LN-type
ZnTiO3 suggests that epitaxial stabilization of LN-type ZnTiO3
in a thin film form might be possible, as has recently been
demonstrated for LN-ZnSnO3.

56 The measurement of
ferroelectricity of LN-type ZnTiO3 in a thin film form remains
a subject for future study.
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