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The synthesis of new materials with advanced functional
properties, e.g., piezoelectricity, battery applications, multiferroic
behavior, etc. is of current and broad interest." This is particularly
true with polar materials, i.e., compounds exhibiting a macroscopic
dipole moment. Polar materials are of great interest because of two
technologically important properties: pyroelectricity and ferro-
electricity.”? In molecular compounds, such as NHs, HCI, and H,0,
the concept of polarity is straightforward. For a solid-state material
to be considered polar, the compound must crystallize in one of
ten crystal classes: 1, 2, 3, 4, 6, m, mm2, 3m, 4mm, or 6mm.*
Clearly, polarity and polar materials are important, yet the question
of how to synthesize a new polar material remains. To address this
question, we have synthesized several new polar oxides that contain
cations susceptible to second-order Jahn—Teller (SOJT) effects:’
octahedrally coordinated d° transition metals and lone-pair cations.®
Because of SOJT effects, both groups of cations are in asymmetric
coordination environments. With the d° cations, a displacement of
the metal toward a corner, edge, or face of the oxide octahedron
occurs,” whereas with the lone-pair cations, a nonbonded electron
pair is observed.® For both types of cation, the local coordination
is changed from nonpolar centrosymmetric to polar noncentrosym-
metric. In fact, the lone-pair cation may be considered as predis-
torted,® since the cations are almost always found in asymmetric
polar coordination environments. We have focused our attention
on d° transition metal iodates.'® We suggest that the local polar
environments observed in the d° transition metals and the lone-
pair cation I°" are retained in the solid state, resulting in a
macroscopically polar material. In this communication, we describe
the synthesis, experimental and computational characterization, and
functional properties of a new polar material, Li; Ti(I03)s. A novel
and unique feature of this material that has profound implications
for the functional properties is that the lone pairs on the iodate
groups are aligned.

Li,Ti(I05)¢ was synthesized by combining Li,COj3, TiO,, HIO;,
and water in an autoclave at 230 °C for 4 days.'" Li,Ti(IO3)s
crystallizes in the polar noncentrosymmetric space group P6; (No.
173). The structure consists of a TiO4 octahedron that is linked to
six 103 polyhedra. It should be noted that the Ti*' cation is
disordered over two sites with 50% occupancy on each site. These
groups of polyhedra are separated by the Li™ cations. In connectivity
terms, the structure can be written as {[TiOg/]>" *6[10,0211°}%",
with charge balance maintained by the two Li" cations. Effectively,
the structure may be considered as “zero-dimensional”, with the
large anionic polyhedra separated by Li" cations (see Figure 1).

The Ti—O and I—O bond distances range from 2.028(7) to
2.053(7) A and from 1.791(5) to 1.871(6) A, respectively. Bond
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Figure 1. Ball-and-stick diagram of Li,Ti(IO3) in the ab plane. It should
be noted that the groups of metal oxide polyhedra are separated by Li"
cations.

valence calculations'? resulted in values of 0.92, 4.18, and 4.94
for Li*, Ti**, and ', respectively. Both the Ti** and " cations
are in asymmetric coordination environments as a result of SOJT
effects. The Ti** cation is slightly distorted toward a face of its
octahedron (a Cs-type distortion), resulting in three “short” [2.028(7)
A] and three “long” [2.053(7) A] Ti—O bonds. Each I°" is bonded
to three oxygen atoms, and because of its lone pair, a trigonal
pyramidal coordination environment is observed. All of the lone
pairs on the I’ cations are aligned in a parallel manner (see Figure
2). This alignment of the lone pairs creates a macroscopic dipole
moment, resulting in a polar material.

The 105 polyhedra strongly influence the structure as well as
the functional properties of Li,Ti(IO3)s. As Figure 1 shows, the
TiOg octahedron is surrounded by six 10; groups. As we noted
earlier,” when octahedrally coordinated d° cations are linked to lone-
pair polyhedra, the SOJT distortion associated with the d° cation
is in a direction away from the oxide ligand that bridges the two
metals. In Li, Ti(IO5)s, the Ti*" cation is completely surrounded by
six 103 groups, effectively “trapping” the Ti*" cation in the center
of its oxide octahedron. Because of this trapping, a very weak
distortion (3.8 x 107™* A?) is observed,'> which is substantially
smaller than the average for Ti*t (~0.056 A2).°

Li;Ti(IO;)¢ is thermally stable up to ~400 °C. Above this
temperature, the material decomposes to Li,TiO;.The electronic
structure of Li,Ti(I03)s provides insight into its structure—property
relationships.'* The band structure (see Figure S8 in the Supporting
Information) reveals an energy gap of ~1.6 eV at the Fermi level,
which is less than the measured value of 3.0 eV. It has been shown
that these types of calculations underestimate the band gap.'> The
top of the valence band (O 2p) and the bottom of the conduction
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Figure 2. Visualization of the stereoactive lone pairs (purple) through the
ELF for Li,Ti(IO5)s with 7 = 0.9, as obtained from pseudopotential
calculations. Ti, light-blue; I, green; O, red.

-C

band (Ti 3d) indicate that the optical band gap is attributable to
ligand-to-metal (O-to-Ti) charge transfer. The electron localization
function (ELF)'® isosurfaces from the pseudopotential calculations
are shown in Figure 2. Clearly, a lobelike isosurface near each I°*
cation is observed and may be considered as the stereoactive lone
pair. The ELF isosurface needs to be regarded with some caution
since core electrons are excluded,'” but the qualitative features are
consistent with a lone pair.'® All of the lone pairs are aligned (see
Figure 2), resulting in a net dipole moment approximately along
the [001] direction.

The alignment of the lone pairs profoundly influences three
functional properties associated with Li,Ti(I03)s: second-harmonic
generation (SHG), piezoelectricity, and pyroelectricity (see Figures
S4—S6 in the Supporting Information).'® The SHG efficiency using
1064 nm radiation for Li,Ti(I0;)e is very strong (~500x o-SiO,)
and compares well to those of BaTiO; (400x a-SiO,) and LiNbO3
(600x 0-Si0,).%° Additional SHG experiments indicate that the
material is type-1 phase-matchable, with a calculated [d.qld, of
~26 pm/V. The alignment of the iodate lone pairs is directly
responsible for the large SHG efficiency. All SHG-active materials
are, by symmetry, piezoelectric.>' Converse piezoelectric measure-
ments on bulk Li,Ti(IO;)s revealed a ds; charge constant of ~81
pm/V. This charge constant compares well to those of other iodates,
namely, LilOs (d33 = 92 pm/V) and KIO; (ds; = 39 pm/V).?*%
As previously stated, Li,Ti(IO3)¢ is polar and has the proper
symmetry for pyroelectric and ferroelectric behavior. Pyroelectric
measurements revealed a pyroelectric coefficient, p, of approxi-
mately —2.4 uC m~2 K™! at 55 °C. Ferroelectric measurements
were also performed. Although hysteresis “loops” were measured,
Li,Ti(I03)g is not ferroelectric. Ferroelectric behavior indicates that
the polarization must be reversible. Macroscopic polarization
reversibility implies microscopic (local) polarization reversibility,
i.e., the dipole moments associated with the I0; polyhedra must
be reversible. Since the distortion associated with Ti** is extremely
small, the associated polarization may be neglected. Hypothetical
polarization reversal of an I0; polyhedron is shown in Figure S11
in the Supporting Information. Clearly, this reversal is energetically
very unfavorable, as large structural rearrangements would have
to occur. Thus, the polar I0; polyhedra are “frozen”, i.e., unable
to undergo dipole-moment reversibility. This frozen nature is
observed in other lone-pair cations, specifically those of elements
in the fourth and fifth periods: Se**, Sn**, Te**, etc. In oxides,
ferroelectricity with the polarization in these cations being switched
has never been observed. Ferroelectric behavior with lone-pair

cations has only been observed in the sixth-period cations T1*, Pb**,
and Bi*".?* This is likely attributable to the less stereoactive nature
of their lone pairs, rendering them more switchable.

In summary, a new polar material, Li,Ti(IO3)s, has been
synthesized and characterized. The functional properties are directly
attributable to the parallel alignment of the lone pairs on the It
cations. We are continuing our efforts to synthesize new polar
materials in order to understand the structural nature of their polarity
and characterize their functional properties.
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