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Single crystalline LiTaO; nanorods (length of 2.5-6 pm and a
diameter of 200-500 nm) were synthesized via a facile molten-
salt technique. An individual single crystalline nanorod
exhibited a piezoelectric coefficient of 8 pm/V. An improved
optical frequency-doubling efficiency was observed in the
case of LiTaO; nanorods as compared to that of cubic
crystallites of similar size.

One-dimensional nanostructures of various functional oxides
find multiple applications in nanoscale actuators and sensors,'
electromechanical and nano-generator-based energy harvesting
systems.’™ Perovskite-based ternary metal oxides, in particular,
provide a better platform for such applications considering their
unique ferroelectric, piezoelectric, electrostrictive, magnetic,
non-linear optic and photocatalytic behavior.''* It has been
recognized that dimensional confinement can induce intriguing
properties distinct from that of bulk materials. Literature is
replete with reports on the synthesis and characterization of
one-dimensional mono-crystalline perovskite oxides such as
BaTiO;,'* SrTiOs,'* BiFeOs,"” LiNbO;'" and KNbO;.'
Hydrothermal synthesis, template-assisted crystal growth and
molten-salt synthesis are three major techniques employed to
induce anisotropic growth in nanostructures. Amongst these,
molten-salt synthesis presents a more facile and less time-
consuming method for accomplishing oriented or anisotropic
crystal growth.

Lithium tantalate (LiTaO;), an exceptional multifunctional
material, has been extensively exploited for piezoelectric
(piezoelectric coefficient, d3; = 8 pC/N)," pyroelectric
(pyroelectric coefficient, p = 23 nC/cm’K)*® and ferroelectric
device (remnant polarization, P, = 50 pC/cm?)*' applications. It
has a rhombohedral structure with a space group of R3¢ and
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undergoes a ferroelectric—to—paraelectric transition (associated
with the space group R?c) around 620°C.?* It is one of the most
prominent photorefractive materials with a large non-linear?
and electro-optic coefficients.”* These properties were exploited
in surface acoustic wave devices, infrared sensors, terahertz
Based on the

pyroelectrocatalytic

generators, electro-optic waveguides, etc.

crystallite size and surface area,
disinfection in LiTaO; nano/micro-crystals has also been
demonstrated in a recent report.?*

In this communication, we report the synthesis of LiTaO;
nanorods by a molten-salt reaction route in which KCl serves as
a flux. In a typical synthesis, Li,CO;z (S.D. Fine Chemical,
99.9%), Ta,Os (Aldrich, 99.99%) and KCl (Merck, 99.9%)
were mixed thoroughly in a 1:1:20 molar ratio. A batch of 5g
by weight was loaded into a pre-heated furnace (Lenton) at
850°C and maintained at the same temperature for 15 min
before quenching to room temperature. The product was then
washed with warm double-distilled water thrice after stirring
for 30 min each time to remove the chlorides. The structure and
morphology of the as-prepared sample were characterized by
X-ray diffraction (XRD, PANalytical X’pert Pro), Raman
spectroscopy (WiTec Alpha 300),
microscopy (SEM, Inspect F50 FEI) and high resolution
transmission electron microscopy (HRTEM, JEOL 2100F).

UV-Vis spectrophotometry (Perkin-Elmer Lambda 750) was

scanning electron

employed to obtain the UV-Vis diffused reflectance spectra.
Piezo-force microscopic studies were carried out by using a
Dimension Icon atomic force microscope (Bruker AXS
GmbH). Nd-YAG laser (Spectra-Physics) operating at 1064 nm
in Q-switch mode producing 10 ns pulses at 10 Hz was used for
second harmonic studies. The output second harmonic intensity
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Fig. 1. (a) XRD pattern and (b) Raman spectrum of the as-prepared LiTaO;
nanorods.

was recorded with a photomultiplier tube in conjunction with a
monochromator.

The XRD pattern obtained for the as-prepared sample is
shown in Fig. 1(a). The Bragg peaks match closely with that of
the polycrystalline pattern of LiTaO3; (ICSD no. 9537). The
peaks obtained are indexed to the R3¢ space group of LiTaOs,
associated with the lattice parameters @ = 5.137 A and ¢ =
13.135 A. A small amount of an impurity phase of
Ky 73Lip,7Ta0; (indicated by * in Fig. 1(a)) was also observed.
Calcination conditions were optimized to obtain single
crystalline nanorods, as high heat-treatment temperatures and a
high molar ratio of KCIl led to high concentrations of the
impurity phase. However, at lower calcination temperatures and
lower molar ratio of KCl, more of cubic particles rather than
anisotropic crystallites were obtained. It is also to be noted that
higher heating rate and quenching to room temperature are
critical in the formation of the single crystalline nanorods. The
effect of heating and quenching rate is discussed in the
subsequent section. The Raman spectrum (Fig. 1(b)) recorded
for the as-synthesized product corroborates the structural units
present in the system. The ten major Raman peaks are indexed.
The peaks at 142, 180, 206, 316, 383, 462, 662 and 865 cm’!
correspond to E modes, whereas A; vibration modes (transverse
optical modes) are characterized by the peaks at 253, 356 and
596 cm '.»*?" The A, mode at 596 cm ™ is attributed to Ta—O
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Fig. 2. (a) and (b) SEM; (c) TEM (with SAED pattern in the inset); and (d) HRTEM
images of the as-prepared LiTaOs; nanorods.
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stretching involving the oxygen atoms, whereas those at 253
and 356 cm! are attributed to Li—O framework and oxygen
octahedral, respectively. The peak at 462 cm™ (E mode) is due
to Ta—O bending.

A high yield of LiTaO; nanorods is confirmed based on the
SEM images as presented in Fig. 2(a). The as-obtained
nanorods maintain an average width of 300 nm and a length of
3 pwm (depicted in Fig. S1). The SEM images show an
agglomeration of nanorods, with small cubic particles adhering
to the large nanorod crystallites. A closer examination of the
morphology of the nanorods (Fig. 2(b)) suggests that these are
smooth and faceted with a rectangular cross-section. A further
insight into the microstructure of the nanorods was obtained by
TEM imaging. The bright field TEM image shown in Fig. 2(c)
depicts a nanorod of around 300 nm in width and 2 pm in
length. The selected area electron diffraction pattern (shown as
inset in Fig. 2(c)) confirms the single-crystalline nature of the
nanorod and is recorded along [021] zone axis. The high
crystallinity of the product is confirmed by HRTEM (Fig. 2(d)).
The d-spacing associated with the distinct lattice fringes in the
HRTEM image is 3.7 A. This corresponds to the (012) planes
of LiTaOj; indicating a preferential growth along that plane. In
order to understand the influence of heating and quenching
rates on the nanorod formation, SEM analysis on the reaction
products that are obtained from three different heating and
cooling rates were performed (Fig. S2). To begin with, a
3°C/min heating and cooling rates were maintained and the
SEM images showed cubic crystallites with an average size of
~ 450 nm (Fig. S2(a)). Symptoms of nanorod formation were
observed under heating and cooling rates of 40°C/min, as
shown in Fig. S2(b). But when the precursors were subjected to
a pre-heated furnace at 850°C, a high yield of nanorods with
obtained (Fig. S2(c)). These
observations reveal that high heating rate results in the rapid

uniform dimensions was

growth along the (012) plane (minimum surface energy) as
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Fig. 3. UV-Vis diffused reflectance spectrum of LiTaOs nanorods.

compared to the growth along the other planes and hence
yielded anisotropic crystallites. To realize the influence of the
molten salt on anisotropic growth of the crystallites, a higher
molar ratio of KCI (1:1:35::Li,CO;:Ta,05:KCl) was employed
and calcined in a pre-heated furnace at 850°C for 15 min. The
SEM images show highly anisotropic crystallites with an
average length of 30 um and thickness of 1-2 um (Fig. S3(a))
suggesting that the higher salt content increased the diffusion
rate of the reactive species resulting in relatively higher aspect
ratios. But, unfortunately, the product was accompanied by
high content of the impurity phase (Fig S3(b)).

Diffused reflectance spectrum (shown in the inset of Fig. 3)
of LiTaO; nanorods was recorded in the 250-2000 nm
wavelength range. The reflectance spectrum shows a sharp cut
of around 350 nm. Kubleka-Munk function (F(R,)) was
invoked in order to relate the diffused reflectance (R.)
emanating from an infinitely thick sample and its absorption
(K) and scattering coefficients (S), which is given by*®

(1-Rw)® _ K

F(Roo) = 2R S

(H

The absorption coefficient (a) and the optical band-gap (E,
29

are
related by the Tauc function,” which is given by ahv =
const.(hv—E,)", where n = 2 for an indirect band-gap material.
The Tauc and Kubleka-Munk functions can then be equated to
determine the optical band-gap by the following expression,
considering the scattering coefficient to be constant with the

wavelength of light,

[F(Ro)RV]*? = const. (hv — Ej) (2)

The plot of (F(R..)hv)"? vs hv is depicted in Fig. 3, in which
the x-intercept of a straight line fit along the linear portion of
the curve determines the optical band-gap of the material. The
calculated band-gap was 4.4 eV, which is close to the 4.6 eV
reported for a bulk single crystal.*® Wave-guiding properties of
LiNbO; nanowires’' have been previously demonstrated at
different wavelengths of light. The bandgap associated with

This journal is © The Royal Society of Chemistry 2012

CrystEngComm

these LiTaO; nanorods provides another platform to exploit
them for wave-guide applications and could probably be used
for a relatively wider range of wavelengths.

Piezo-force microscopy (PFM) employed to
investigate into the piezoelectric and ferroelectric properties of
the LiTaO3 nanorods. A schematic of the PFM setup is shown
in Fig. 4(a). A small amount of the as-prepared powder was
dispersed in ethanol and ultrasonicated for 30 min before
depositing on a Pt-coated Si substrate. The substrate was then
annealed at 400°C for 1 h to ensure better adhesion of the
nanorods to the electrode surface. A conducting Pt-coated Si tip
(umasch) was used as the probe with a tip radius of <40 nm,
and a force constant and resonant frequency of 3.5 N/m and 65
kHz, respectively. The piezoelectric vibrations were induced by
an ac field of 5 V (V) operating at a frequency of 60 kHz.

A 3-D image of the nanorod deposited on the Pt-coated
surface is shown in Fig. 4(b). The corresponding amplitude and
the phase images are presented in Figs. 4(c) and (d),
respectively. The piezoelectric activity in the nanorod is
obtained from the amplitude image, whereas the phase image
depicts the polarization state of the system and in this case, the
piezoelectricity is measured in the direction perpendicular to
(012) planes of LiTaO; nanorods. Multi-domain structures were
observed in the region of interest with the antiparallel domains
represented by arrows in Fig. 4(d). Irregularly shaped domains
with a width of less than 90 nm are observed. Factors such as
crystal facets, tilting of the nanorod relative to the substrate or
ineffective contact of the tip on the crystal may affect the
piezoelectricity observed in the system. The phase curve (Fig.
4(e)) is characteristic of a ferroelectric hysteresis loop, recorded
under a dc bias of —12 to +12 V, whereas the amplitude curve
(Fig. 4(f)) is representative of a typical strain-electric field
“butterfly loop”. The asymmetry in the loop is attributed to
polarization pinning owing to an internal built-in potential or
space charge effect.*

The applied voltage (V) and the associated displacement (D)
are related by the equation'"*

(D - D1) = d33(V - Vl)

was

(3)

where D; and V; are the displacement and applied voltage at the
intersection, respectively, and ds; is the effective piezoelectric
coefficient. A piezoelectric hysteresis loop (d3;—V, as shown in
Fig. 4(f)) can, thus, be obtained from the above equation and an
estimated piezoelectric coefficient is in the range of 4-8 pm/V.

In addition to piezoelectricity, the non-linear optical
properties (second harmonic generation) of the nanorods were
also investigated. The schematic sketch of the experimental set-
up is displayed in Fig. 5(a). Cubic particles (with an average
crystallite size of 1 pm) of LiTaO; were also studied in order to
compare the effect of anisotropy of crystallites on the second
harmonic efficiency. The sample, in the form of powder, was
packed between grooved thin glass slides. A fundamental
wavelength of 1064 nm was incident on the sample resulting in
a second harmonic at 532 nm.
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Fig. 4. (a) Schematic of the PFM set-up; (b) 3-D PFM image of an individual LiTaO3; nanorod; (c) amplitude and (d) phase images of the nanorod; (e) phase
curve and (f) local displacement—voltage loop and piezoelectric response hysteresis loop obtained from the LiTaOs nanorod.

A 532 nm mirror was used to collect the second harmonic light
which was then focused on to the photodetector by a convex
lens.

The samples were angle tuned for obtaining the maximum
intensity. The intensity profile at 532 nm for the nanorods and
cubic crystallites for an incident wave with a power of 1 W are
shown in Fig. 5(b). An enhancement in the second harmonic
intensity of nearly 1.4 times was observed for the nanorods
compared to the cubic crystallites for the same input intensity.
Also, the second harmonic intensity emanating from the
nanorods was around 0.4 times that of intensity obtained with
respect to the first intense peak obtained on rotating (00/) face
of a KDP single-crystal of 0.65 mm thickness. A polarization
anisotropy is induced in 1-D structures due to a large dielectric
constant contrast between the crystallites and the
surroundings.>*** The attenuation in the induced electric field
of the anisotropic crystallites for an incident beam polarized
perpendicular to the nanowires/rods causes a polarization
anisotropy, however the parallel polarization does not induce
any changes. This may have led to the enhanced second
harmonic conversion efficiency in a randomly packed one-
dimensional nanocrystallites compared to the cubic single
crystallites since the latter displays no polarization anisotropy.
Fig. 5(c) depicts second harmonic intensity as a function of
incident light intensity for LiTaO; nanorod and cubic
crystallites. The collective SHG intensity (/,,) emanating from
nanoparticles in a focal volume is related to the incident light
intensity (12) by the following equation,*®’

Ly, < n?(B*)1Z

(4)

where n is the number of unit cells in the illuminated volume
and f corresponds to the non-linear optical susceptibility

4| J. Name., 2012, 00, 1-3

coefficient of the system. The second harmonic intensity arises
as a consequence of the sum of all the induced dipole moments
in the illuminated volume. A satisfying fit, based on the above
equation, between the second harmonic and the fundamental
intensity has been observed.
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Fig. 5 (a) Schematic of the experimental set-up to probe SHG in LiTaO3; nanorods,
(b) SHG intensity at 532 nm, (c) SHG intensity (at 532 nm) as a function of input
intensity of fundamental light for nanorods and cubic particles.

Conclusions

Single crystalline LiTaO; nanorods of dimensions 300 mm
in diameter and 3 pm in length were produced by a simple
molten-salt synthesis. The preferred growth direction of the
single crystals was found to be normal to the (012) planes. A
maximum piezoelectric coefficient of 8 pm/V was obtained by
PFM method. The anisotropic nature of the nanorods of LiTaO3
reflected in exhibiting higher SHG intensity than that of cubic
crystallites. These nanostructures can be exploited efficiently in
energy harvesting and opto-electronic applications.
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