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There has been an increasing interest in the past few years
in the synthesis of ferroelectric nanocrystals because of their
scientific importance and widespread applications in electro-
nics, sensing, catalysis, and nonlinear optics." BaTiO; is a
perovskite-type ceramic with unique mechanical, ferroelec-
tric, electro-optic, pyroelectric, dielectric, and elastic proper-
ties that find use in multilayered capacitors, random access
memories, thermistors, photonic crystals, pressure transdu-
cers, and waveguide modulators.” It is well-known that
perovskite nanocrystals possess structural and physical prop-
erties that are strongly dependent on their size, shape, crystal-
linity, and surface composition. For example, in nanoscale
BaTiO;, the transition temperature from the ferroelectric
(tetragonal) to the paraelectric (cubic) phase decreases pro-
gressively with the size of the particles as a result of a less
distorted coordination environment of the Ti*" ions within
the TiO4 octahedra. However, there is no clear consensus as
to the critical size at which ferroelectricity is suppressed, and
consequently, the values reported extend over a wide range,
typically from 120 to 4.2 nm.” Despite the increasing number
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Figure 1. Bright-field TEM images of monolayers of (a—c) cubelike and
(d) cubic BaTiO; nanoparticles. A bilayer of BaTiO; nanoparticles
deposited on a microscope grid (e.f).

of solution-based methodologies proposed for the fabrication
of nanoscale perovskites,* the synthesis of BaTiOs nanopar-
ticles with controlled size and shape was met with limited
success.” Nevertheless, free-standing, monodisperse BaTiO;
nanocrystals with well-defined shape, controllable size and a
high degree of compositional homogeneity are essential for
the study of the ferroelectricity at nanoscale, as well as to open
up new possibilities to assemble individual nanoparticles into
functional nanostructures, such as 3D ferroelectric crystals
and magnetoelectric multiferroic superlattices.

In this paper, we report on the controlled synthesis of free-
standing, cubelike BaTiO3 nanocrystals by a soft solution
chemical process. The resulting nanocrystals retain oleic acid
molecules on their surfaces and can be easily dispersed in
nonpolar solvents. The experimental procedure was modified
from that proposed by Li et al.”® and involves the thermal
decomposition of metal fatty salts under hydrothermal con-
ditions at temperatures as low as 135 °C. TEM and SEM
images show that the BaTiO; nanoparticles are well-sepa-
rated and have the tendency to self-organize into ordered
domains on planar surfaces (Figures 1a—f). The atmosphere
used during the preparation of the solutions before their
transfer to the autoclave was found to influence the morphol-
ogy of the BaTiO; nanocrystals. For example, when the
solution was prepared in open atmosphere, only 36% of the
nanocrystals were regular cubes (average edge length of 20
nm) whereas the main fraction (~58%) was formed by cube-
like nanoparticles with an aspect ratio varying from 1:1.05 to
1:1.81 (Figure la—c and the Supporting Information).

A small fraction of truncated cubes (~6%) presumably
resulting from an incomplete growth has also been detected.
The nonunitary aspect ratio of the cubelike nanoparticles
can be reasonably explained by the presence of BaCOj;
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Figure 2. (a) X-ray diffraction pattern of the BaTiO; nanopowder.
Bottom pattern represents the standard XRD pattern of cubic bulk
BaTiOz (PDF 31—174).The inset represents a slow scan (step 0.002°,
scan speed 0.00025°/s) of the (200) peak at room temperature; (b) Raman
spectrum of the 22 nm cubelike BaTiO3 nanoparticles.

detected in traces the XRD pattern of the sample. When the
solution was prepared under an inert atmosphere the shape
of the nanocrystals changed from cubelike to regular cubes
with an average length edge of 22 nm (Figure 1d and Figure
S3 in the Supporting Information). The size uniformity of
the cubic nanocrystals allows them to assemble into ordered
assemblies such as superlattices (Figure le,f). The XRD
pattern of the cubic BaTiO; nanoparticles (Figure 2a)
exhibits a series of well-defined peaks that can be indexed
into a pseudocubic lattice, suggesting that the sample is
single-phase and highly crystalline. Because it is well-known
that the cubic and tetragonal polymorphs of nanoscale
BaTiO; have a very similar crystal structure and in the
absence of neutron diffraction data, the lattice parameter
was indexed with the TREOR program® assuming a pseu-
docubic structure. The value obtained, a = 4.026(8) A, is
very close to those reported in the literature for both bulk
tetragonal (dioo = 3.994 A; doo; = 4.038 A; JCPDS File No.
5—626) and cubic (djo9 = 4.031 A; JCPDS File No.
31—0174) BaTiOs.” The average crystallite size calculated
by the Scherrer formula® by fitting the line broadening of the
three most intense peaks was found to be 21.3 nm which is
consistent to the value obtained from TEM measurements
indicating that the cubic nanoparticles are single crystalline.
The HRTEM micrograph (Figure S2a, Supporting Informa-
tion) shows well resolved lattice fringes along both diagonal
directions of the nanoparticle. Each cubelike nanoparticle
possesses {100} faceted edges and is free of defects such as
stacking faults, dislocations, and grain boundaries. The
calculated interplanar distance was 4.09 A, which is consis-
tent with the value reported for a pseudocubic perovskite
structure.

On the basis of the shape of the nanoparticles and the type
of terminal planes, we propose that the growth of the BaTiO3
nanocrystals is accompanied by the development of low
index facets such as the {100} planes, which significantly
decrease the surface energy of the nanoparticles.” This
assumption is consistent with theoretical modeling, which
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indicated that the {110} and {111} surfaces in BaTiO;
crystals are less stable than the {100} faces because they are
polar, and the large surface relaxation induces surface rum-
pling and instability.'® The fast Fourier transform (FFT)
of the HRTEM image shown in Figure S2b, (Supporting
Information) further confirms the high crystallinity of the
sample and the absence of lattice defects. The SAED image of
the nanocubes (Figure S2c¢, Supporting Information) exhibits
a series of concentric rings with a spotted appearance which
can be ascribed to either cubic or the tetragonal BaTiOs.
Because the information provided by X-ray diffraction'" is
limited to the global structure of the crystal, we used vibra-
tional spectroscopy experiments at room temperature to
investigate the local distortions of the lattice. In Figure 2b
is represented the Raman spectrum of the 22 nm cubic
BaTiO; nanoparticles. Cubic BaTiO; (space group Pm3m)
is Raman inactive because of the isotropic distribution of the
electrostatic forces (O, symmetry) around the Ti*' jons
within each octahedron.'? However, when the cubic symme-
try is distorted, the resulting noncentrosymmetric tetragonal
structure will lead to a splitting of the four, degenerate
3F,,+F>, modes into eight Raman active transverse (TO)
and longitudinal (LO) phonons that are responsible for the
anomalous Raman scattering.">~"> Therefore, all the five
distinct bands observed at 175, 249, 304, 520, and 726 cm™"
assigned to the A(LO), A((TO), B+E(TO+LO), E-
(TO)+A(TO), and A;(LO)+E(LO) modes in the Raman
scattering profile of the as-prepared BaTiO; nanopowders
clearly suggest the existence of an acentric structure due
to a structural disorder of the Ti*" ions within the TiOg
octahedra.'®”'® No Raman bands corresponding to CO5>~
ions (distinctive peaks at 1443 and 1730 cm™ ') were detected
in the spectrum, confirming that the cubic BaTiO; nanopar-
ticles obtained from solutions prepared under an inert atmo-
sphere are free of BaCOs;. Steigewald and co-workers have
ascribed the sharpness of the peak at 520 cm™' to an
increased structural coherence in the distorted TiOg octahe-
dra, whereas its asymmetry is associated to the coupling of
the transverse optical modes associated to the tetragonal
structure.'® Our experimental results strongly indicate the
existence of tetragonal distortions in the cubelike BaTiO;
nanoparticles although it is generally considered that such
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Figure 3. (a) UV—vis and (b) emission spectra of the cubelike BaTiO3
nanoparticles.

distortions are local, that is, they involve several lattice
constants and several vibrational periods, whereas the global
structure of BaTiO; is still cubic.!®?® Neutron diffraction
experiments and piezoelectric force microscopy (PFM) stu-
dies are currently underway in order to elucidate the local
structural distortions in the BaTiO; nanocubes. The UV —vis
spectrum of the colloidal BaTiOz nanoparticles (Figure 3a)
presents two peaks is observed at 284 and 298 nm, whereas
the emission profiles present a broad characteristic peak
covering a large part of the visible spectrum (Figure 3b).
This emission peak is red-shifted from 559 to 668 nm when
the excitation wavelength is increased from 390 nm (2.43 eV)
to 510 nm (3.18 nm), respectively. Because of its high
symmetry, direct electron transitions from the valence to
the conduction band are forbidden in bulk cubic BaTiOs.
Additionally, the pure material does not present intrinsic
luminescence when the excitation energy is smaller than its
band gap (E, = 3.57 eV).?! The band gap of the cubic BaTiOs
nanoparticles calculated by fitting the linear portion of the
curve of the variation of (ahv)"? vs the photon energy led to a
value of £, = 3.2 eV, which is significantly smaller than that
reported for the bulk material. Photoluminescence in nanos-
tructured BaTiO; originates from the local distortion of the
Ti*" ions within the TiO4 octahedrons, self-trapped excitons,
oxygen vacancies, surface states or charge transfers via
intrinsic defects inside an oxygen octahedron.”? >* However,
in our case, X-band electron paramagnetic resonance (EPR)
spectroscopy studies did not reveal the existence of any
oxygen or titanium defects associated to unpaired electrons
which can potentially induce photoluminescence effects in the
BaTiO3 nanopowders. As such, we suggest that the photo-
luminescence in cubic BaTiO; nanoparticles results from
electronic states localized in the band gap as a result of the
off-center shift of the Ti*" ions within the TiOg octahedra.
This local distortion not only modifies the Ti—O bond
lengths, but also induces noticeable changes in the dihedral
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angle thereby altering the interaction among the electronic
distributions on the atoms of the cell.”® The red shift of the
emission bands can be ascribed to the formation of localized
states with different energy levels, presumably linked to the
specific atom arrangements.”’ As reported previously, the
absorption of energy by a luminescent material does not
necessarily result in emission of light. Electrons and holes in
excited states may return to lower energy and ground states
via radiative and/or nonradiative relaxations.” Deeper level
defects are more prone to nonradiative recombination pro-
cesses upon multiphoton relaxation inducing a non-Gaussian
shape of spectra. Such an assumption also explains why
emission bands for excitation wavelengths longer than
630 nm under excitation of 390 nm were not experimentally
observed. Therefore, when the sample was excited by longer
wavelengths, the photons can relax to energy levels via deeper
defects, resulting in the red-shifted emissions experimentally
observed (see Figure S7 in the Supporting Information).

In summary, high-quality, deagglomerated, and nearly
monodisperse BaTiO; cubelike nanoparticles were synthe-
sized by a modified solvothermal route at temperatures as
low as 135 °C. The resulting colloidal solutions show excellent
stability against aggregation allowing the colloidal BaTiO3
nanocrystals to be used as building blocks for the design of
ordered arrays or thin films for implementation into various
functional devices. Raman spectroscopy data have indicated
a local tetragonal of the nanopowders as a result of the
existence of a Ti*" disorder within the TiOg octahedra of the
perovskite-type lattice. These results are supported by the
photoluminescence properties, which confirmed that the off-
center shift of the Ti*" ions induce localized states in the band
gap. A systematic study is under way to elucidate the
formation mechanism, achieve size control and extend this
methodology to other nanoscale ferroelectric perovskites. We
expect that these findings will lead to a better understanding
of the size effects and surface curvature on ferroelectricity at
nanoscale and will open the door for the use of ferroelectric
nanocrystals as building blocks in the design of complex
hierarchical nanostructured composites.
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