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Abstract: Nanocrystalline compounds LiNb; _, TayOj3 of various compositions (x = 0, 0.25, 0.5, 0.75, 1)
were synthesized by high-energy ball milling of the initial materials (LiCO3, Nb,Os, TapOs) and
subsequent high-temperature annealing of the resulting powders. Data on the phase composition of
the nanopowders were obtained by X-ray diffraction methods, and the dependence of the structural
parameters of LiNb;_,Ta,O3 compounds on the value of x was established. As a result of the
experiments, the optimal parameters of the milling and annealing runs were determined, which
made it possible to obtain single-phase compounds. The Raman scattering spectra of LiNb; _,Ta,O3
compounds (x = 0, 0.25, 0.5, 0.75, 1) have been investigated. Preliminary experiments have been
carried out to study the temperature dependences of their electrical conductivity.

Keywords: nanoparticles; nanopowders; lithium niobate-tantalate; X-ray diffraction; Raman
spectroscopy; temperature dependence of electroconductivity

1. Introduction

Lithium niobate (LiNbO3, LN) and tantalate (LiTaOj3, LT) are among the most studied
oxide compounds in modern materials science. This interest is due to the widest application
of these materials in functional electronics. Analytical studies of the global market for LN
and LT sales performed by various marketing agencies [1-4] show that as of the end of
2020, their consumption in monetary terms exceeded $40 billion per year, and by 2027, it
may reach more than $75 billion. Such impressive sales are due to the variety of electronics
industry branches and devices that use LN and LT. Accordingly, the forms in which these
materials are used in practice are also different—single crystals, thin films, micro- and
nanopowders, ceramics. Moreover, they can have a different chemical composition—
congruent, stoichiometric, and contain various dopants of metal ions. It is obvious that
such a variety of forms and applications again requires research to modify and optimize
material properties.

LiNb;_,TayO3 (LN-LT) solid solutions have recently been studied (see, for exam-
ple, [5-8]), while they open up prospects for combining the advantages of both materials.
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In particular, the LN-LT can be expected to exhibit high piezoelectric coefficients (close to
LN) and the temperature stability of the LT properties. However, the growth of LN-LT sin-
gle crystals is challenging because of the deviation from stoichiometry inherent in LN and
LT crystals, the uneven distribution of cations caused by fluctuations in the temperature
fields in the crystal growth zone, and differences in the melting temperatures T, of both
end components of the system (T (LiNbO3) = 1240 °C; T (LiTaO3) = 1650 °C).

Meanwhile, LN-LT nanoparticles can be attractive both for practical application and
from the point of view of fundamental research, for example, to determine the dependence
of the LiNb;_,TayOj3 structural characteristics depending on the composition.

Today, wet chemistry methods are most commonly used to obtain LN and LT nanopar-
ticles. Among them, the sol-gel method predominates, when Nb or Ta pentaetoxides and
Li ethoxide or salts—acetates, citrates, nitrates [1-5,9-14]—are chosen as starting materials
for obtaining xerogels. Since alcoxides are extremely sensitive to moisture and susceptible
to hydrolysis, the entire synthesis procedure must be carried out in a box filled with pure
dry Nj or Ar. In [7,15], LN nanoparticles were synthesized by the sol-gel method using a
solution of NbCls in toluol and LiNOj as starting materials. However, even in this case,
part of the technological operations must be performed in a dry N; or Ar environment. In
addition, in the sol-gel method, NbF5 or TaFs, obtained by the action of HF on niobium
and tantalum oxides, can be used as starting materials (see, e.g., [16,17]).

Another method to obtain LN nanoparticles is the solution combustion method.
For example, the authors of [18] have successfully synthesized LiNbO3 and LiNbOj:Fe
nanopowders. The starting materials were LiNOs3, aqueous iron nitrate Fe(NO3)3-9H,0,
ammonium niobium (V) oxalate hydrate C4H4sNNbOg-nH,O, and glycine Co;HsNO,. After
mixing and long stirring of the starting materials, a precursor was formed, which was
calcinated at a temperature of 600 °C for 1 h in an O, atmosphere.

Another wet method is solvothermal synthesis, which was used to obtain LiTaOj3
nanopowders [19]. The authors used an autoclave, 80% of the volume of which was filled
with a Li;COj3 solution in a mixture of distilled water and glycol with the addition of an
appropriate amount of TayOs. The autoclave was kept at 240 °C, and the contents were
constantly stirred for 12 h under autogenous pressure. The resulting LT nanopowders were
washed, centrifuged, and calcinated.

The preparation of LN and LT nanoparticles by wet chemistry shows that there
are certain difficulties in their application. First of all, this is the multistage nature of
technological processes (dissolution, mixing, stirring, centrifugation, high-temperature
treatment, calcination, etc.): the use of a large number of organic and inorganic reagents,
including hazardous; performing synthesis in a special environment; use of relatively high
temperatures. These factors make the process of obtaining nanoparticles time-consuming
and expensive. In addition, an increase in the number of technological operations and
the number of reagents used increases the probability of errors in the synthesis. Finally,
the production of nanopowders in large quantities is complicated using the methods
described above.

In contrast to wet chemistry methods, high-energy ball milling with subsequent anneal-
ing of powders looks promising from a technological point of view with relatively simple
production organization. The synthesis process consists of only two stages—milling and
subsequent annealing, which could be performed in air. Only Li,CO3, Nb,Os, and Ta;O5
can be used as starting materials. Today, we are aware of only three works that describe
the successful synthesis of LN nanopowders by the mechanochemical method [20-22].

In addition, in [23,24], in order to obtain nanocrystals of lithium niobate, the pre-
liminary synthesized LiNbOj3; phase was milled. In [23], LN obtained by the solid-phase
reaction between lithium carbonate and niobium pentoxide was subjected to milling.
In [24], the remnants of the melt solidified in the crucible after the completion of the
procedure for growing the LN single crystal by the Czochralski method were used for
milling. To the best of our knowledge, there are no works devoted to the mechanochemical
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synthesis of LT nanopowders. Furthermore, the synthesis and properties of nanopowders
of LiNb; _,Ta,Oj solid solutions, with 0 < x <1, remain completely unexplored.

This work focuses on the preparation of LiNb;_,TayO3 nanopowders of different
compositions (x = 0, 0.25, 0.5, 0.75, 1), using the mechanochemical synthesis method
(high-energy ball milling of the starting materials Li;CO3, Nb,Os, TayOs5 and subsequent
annealing). Furthermore, the crystal structure, Raman spectra, and electrophysical proper-
ties of obtained LN-LT compounds are studied.

2. Materials and Methods

The mixed lithium niobate-tantalate nanopowders with nominal compositions
LiNb;_,TayO3 (x = 0, 0.25, 0.5, 0.75 and 1) were obtained by high-energy ball milling
mixtures of Li;CO3, Nb,Os, and TapOs powders (manufactured by Alfa Aesar, purity 4N)
taken in molar ratios corresponding to stoichiometric compositions. The masses of the
components for obtaining compounds with a certain x value are given in Table 1.

Table 1. Weights of reagents LiCO3, Nb,Os, and TayOs, calculated to obtain 10 g of stoichiometric
compounds LiNb;_,Ta,O3,

. Weight, g
Sample No. Composition
Li2C03 Nb205 Ta205

501 (x = 0) LiNbO3 2499 8989 -
S02 (X = 025) LiNb0,75Ta0,25O3 2175 5868 3252
503 (x = 0.5) LiNbg 5Tap 503 1926 3463 5758
S04 (x = 0.75) LiNbg »5Tag 7503 1727 1554 7748

S05 (x=1) LiTaO3 1566 - 9367

The synthesis was performed with the planetary ball mill machine Pulverisette-7. The
rotation speed was equal to 600 rpm, and the duration of milling was about 10-15h. A
total of 134 balls of zirconium dioxide with a diameter of 5 mm and total weight of 91.5 g
were used as working bodies. The mass ratio ball/sample was about 10. Milling was
performed in 15 min cycles; subsequently, a reverse was carried out after each cycle. Based
on the results of previous investigations (see, e.g., [21] where LiNbO3 nanoparticles were
synthesized by a mechanochemical technique), one can assume that the surfaces of particles
are activated, but the synthesis exactly of an LN-LT compound was not fully completed
after milling. This is confirmed by X-ray analysis of the powders performed after milling.
As an example, Figure 1 shows a diffraction pattern of a powder with x = 0.5 compared to
the reference pattern of a lithium niobate powder from the PDF database. The results of
X-ray phase analysis indicate the formation of a predominantly amorphous precursor and
partially a perovskite-like phase of lithium niobate.

To obtain nanocrystalline LN-LT particles, subsequent annealing of powders was
performed. To determine the range for selecting the optimal annealing temperature,
thermal analysis curves of the powders after milling were recorded. These dependences for
all samples had a similar character. As an example, Figure 2 shows the thermogravimetric
curves for milled mixture corresponding to LiNbg 5Tag 503 powder. As can be seen, sharp
mass loss is observed within 400-550 °C (TG and DTG curves). This event corresponds to
the decomposition of lithium carbonate according to (1):

Li,CO; = Li,O + CO, 1)
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Figure 1. Reference diffraction patterns of lithium niobate (a) and diffraction patterns of the precursor
obtained after milling a mixture of powders of lithium carbonate, niobium pentoxide, and tantalum

pentoxide (b).
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Figure 2. DTA-DTG curves obtained for LiNbg 5Tag 503 powders, which underwent a high-energy
ball milling process for 15 h at a rotation speed of 600 rpm (1—DTA; 2—DTG; 3—TG).
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At the same time, it is known that lithium carbonate decomposes above 800 °C [25].
Therefore, significant lowering of the temperature of this process is observed after milling
the reaction mixture. In addition, the experimental value of mass loss in the temperature
range 400-550 °C is about 20% of the theoretical value calculated by (1). The latter indicates
that about 80% of lithium carbonate is decomposed at the stage of milling. Above 550 °C,
the interaction of the formed lithium oxide with niobium (tantalum) oxides according to
Reaction (2) occurs:

Li,O + Nb205(Ta205) = 2LiNb(Ta)O3. (2)

Based on the obtained results, three annealing temperatures in air were chosen for the
experiments—550, 700, and 800 °C.

Phase compositions of obtained nanoparticles were studied by X-ray phase analysis
using the modernized DRON-3M diffractometer. Crystal structure parameters (unit cell di-
mensions, positional and displacement parameters of atoms) of both series of the materials
were derived by full profile Rietveld refinement by using the WinCSD program package
for structural analysis [26].

The micro-Raman spectra of LN-LT nanopowders were registered by confocal Raman
microscope spectrometer MonoVista CRS+. The laser beam (A = 532 nm) was focused in a
1 mm spot on the surface of pressured nanopowder.

Temperature dependencies of electrical conductivity in the range from 300 to 820 °C
were obtained via impedance measurements in the frequency range from 1 Hz to 1 MHz
using impedance gain-phase analyzer (Solartron 1260, Ametek Scientific Instruments,
Hampshire, UK). For this experiment, pressed pellets with thickness varying from 1.25 to
1.7 mm and diameter of 10 mm were formed from LiNbyTa;_,O3 nanopowders with x =0,
0.25, 0.5, 0.75, and 1. Throughout the preparation process, the samples were heated up
to 210 °C at the rate of 2 °C/min, while the pressure applied was 190 MPa at all times.
Additionally, a constant voltage of 1 kV has been applied to the samples with an intention
to electrically polarize them. The so-obtained pellets were subsequently annealed in air at
600 °C for 6 h. Platinum electrodes (5 mm in diameter) were deposited on both sides of
each sample via screen printing (print ink: Ferro Corporation, No. 6412 0410). The samples
were subsequently thermally treated for 1 h at 800 °C to ensure electrode adhesion.

Scanning electron microscopy (SEM) imaging of LiNbg5Tap 503 sample has been
performed after initial annealing at 600 °C (Figure 3) and after impedance measurements
(Figure 4). The comparison of these two images reveals an increase in average grain
size from approximately 100 to 200 nm due to temperature treatment during electrode
preparation and the impedance studies. The SEM analysis after the impedance spectroscopy
experiment, performed on a larger fragment of the sample, also demonstrates a high
homogeneity of grain size distribution along the area.

Obtained impedance spectra of LiNbyTa;_4 O3 pressed samples are represented in
form of Nyquist diagrams. Subsequently, an electrical equivalent-circuit model consisting
of a constant phase element (CPE) connected in parallel with a bulk resistance Rp is fitted
to the measured data. The intercepts of semicircles in the range of low frequencies are
interpreted as samples resistance and subsequently converted to conductivity using the
relation o = #(A x Rg)~!, where t and A are the thickness of the sample and the electrode
area, respectively.
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Figure 3. Scanning electron microscopy image of pressed LiNbg 5Tag 503 after initial annealing at
600 °C.

1 pm
<

Figure 4. Scanning electron microscopy image of pressed LiNbg 5Tag 503 after impedance measure-
ments performed at 820 °C.

3. Results and Discussion
3.1. X-ray Diffraction

X-ray diffraction (XRD) study of all the LiNb; _,TayO3 samples annealed at 550 °C
revealed a rhombohedral LiNbOgs-type structure as the main phase with some amount
of the parasitic phase Li(Nb,Ta)3Og, and unreacted Ta,Os and Nb,Os (Table 2). Only the
sample with x = 0 that corresponds to the ‘pure’ LINbO3; shows single phase composition
as in work [21].
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Table 2. Lattice parameters (a, c), average grain size, and microstrains values (<&>) of two
LiNb;_,TayOj series heat treated at 550 and 800 °C.

Parasitic

Sample X T, °C Phases a, A c, A D e, nm <e>, %
501 0 550 - 5.1483(3) 13.8484(9) 41 0.088
800 - 51517(2) 13.8335(7) 206 0.108
S02 0.25 550 Li(Nb,Ta);0s  5.1477(3)  13.822(1) 50 0.143
800 Li(Nb,Ta);Os  5.1521(3) 13.8148(8) 171 0.105
S03 05 550 LTS\ZI%OZ 5.1534(4)  13.808(1) 63 0.107
800 Li(Nb,Ta);0s  5.153(1)  13.778(3) 97 0.128
S04 0.75 550 TayOs 5.149(2)  13.788(5) 31 0.093
800 Li(Nb,Ta);0g  5.1558(7)  13.753(2) 92 0.139
505 1 550 TayOs5 5.1529(6) 13.767(2) 66 0.114
800 Li(Nb,Ta);05  5.1593(4)  13.745(2) 80 0.135

Observable broadening of the Bragg’s peaks on the nanocrystalline character for the
powders was revealed. Additional heat treatment of the materials at 800 °C led to the
narrowing of the diffraction peaks and to the considerable change of the phase composition
of the LiNb;_,Ta,O3 samples with x from 0.5 to 1, in which the increase of monoclinic
LiNb3Og or Li(Nb,Ta)30g phases and disappearing of individual Ta,Os and Nb,Os oxides
were detected (see, e.g., Figure 5). No significant changes of the phase composition in the
samples with x = 0 and 0.25 were observed after such annealing of the samples.

o " LiNb,0,
! * Ta,0,

(012)

Intensity, counts

20, deg.

Figure 5. XRD patterns of the “S04” sample with a nominal composition LiNbg5Tag 7503 heat
treated at 550 °C and 800 °C. For the main rhombohedral LN-LT phase, the Miller’s indices are given
(1—S04 at 550 °C; 2—504 at 800 °C).
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As an example, Figure 6 demonstrates graphical results of Rietveld refinement of
LiNbg 75Tag 2503 material heat treated at 800 °C.

_|u_"J LiNbg5Tao2503
— at 800 °C
=
@)
o
>
-~
W
-
Q
—
-
—_— e
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g .l. b
20 30 40 50 60 70 80 90 100 110 120
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Figure 6. Results of Rietveld refinement of the LiNb 75Tag 2503 material heat treated at 800 °C. An
experimental XRD pattern (dots) is shown in comparison with the calculated pattern. The difference
between measured and calculated profiles is shown as a curve below the diagram. Short vertical bars
indicate the positions of diffraction maxima in space group R3c.

The WinCSD programme package was also used for the evaluation of microstructural
parameters of the powders, as presented in Table 1. The average grain size and microstrains
<e> = <Ad>/d associated with the dispersion of interplanar distances d were derived from
the analysis of angular dependence of the Bragg’s peaks profiles. For the correction of
instrumental broadening, the LaBg external standard was used. It was revealed that the
average grain size of the LiNb;_,Ta,O3 powders annealed at 550 °C is between 31 and
66 nm. Increase of thermal annealing temperature led to essential growth of grain size,
being especially pronounced for the nominally pure LiNbO3 and LiNbg 75Tag 2503 sample.
Corresponding changes for tantalum-reach materials are much less pronounced: the
average grain size of LiNb;_,Ta,O3 at 800 °C powders with x from 0.5 to 1 lies between
80 and 97 nm (see Table 2).

Analysis of the obtained structural parameters revealed that an increase of Ta content
in both of the LiNb;_,TayOs specimens treated at 550 and 800 °C leads to the increase of
the a-parameter and simultaneous decrease of the c-parameter (Figure 7a). As a result, a
significant decrease of the c/a ratio and minor decrease of the unit cell volume in both
LiNb;_,Ta,Oj3 series is observed. It is observed that similar to the compositional effect
on the unit cell dimensions of LiNb;_,Ta,O3 materials, there is an increase of the heat
treatment temperature from 550 to 800 °C, which led to increase of the a-parameter and
simultaneous reduction of the c-parameter (see Figure 7).

The comparison of the obtained structural parameters of LN-LT samples with the
corresponding structural data for nominally pure LN and LT [27-33] points to the formation
of the continuous LiNb; _, Ta,Oj solid solution.

As can be seen from the results presented in Table 2 and Figure 7, after annealing
at T =550 °C, the phase analysis indicates that niobium and/or tantalum oxides prevail
among the traces of parasitic phases in the resulting nanopowders with the lithium niobate
structure. At the same time, after annealing at T = 800 °C, the predominant parasitic
phase is the compound Li(Nb,Ta)3Og, which, as compared to Li(Nb,Ta)O3, contains less
lithium. The latter is due to the sublimation of lithium in the form of oxide [34]. This
result indicates that the optimal annealing temperature of nanopowders lies in the range of
550-800 °C. In order to optimize the heat treatment conditions for obtaining single-phase



Crystals 2021, 11, 755

9 of 20

nanocrystalline powders, a number of experiments were carried out on the milling and
annealing of equiatomic lithium niobate—tantalate LiNbg 5Tag 503 at different milling times
and different annealing temperatures.
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Figure 7. Concentration dependence of the lattice parameters (a) and unit cell volume (b) in LiNb;_,Ta,O3 at 550 °C and

LiNb;_,TayOj3 at 800 °C series. The dashed lines are a guide for eyes (empty symbols—samples annealed at 550 °C; solid

symbols—samples annealed at 800 °C).

Based on the data of X-ray phase analysis of the synthesized compounds, it was
found that the best results were achieved with a milling time of 12-15 h and a heat
treatment temperature of 650-700 °C for 5 h. Such modes ensure the absence of parasitic
phases (within the accuracy of the measurement method) and the absence of violation of
stoichiometric ratio Li/Nb. Diffraction patterns of powders obtained in optimal conditions
are shown in Figure 8.

3.2. Raman Spectra

The micro-Raman spectra of LN-LT nanopowders with different Nb and Ta content,
annealed at 550 °C, are shown in Figure 9, and the positions of the observed bands are
indicated in Table 3. As it is seen from Figure 9, the Raman spectra of LN-LT with different
x are generally similar; however, some peculiarities are observed. Particularly, in the
spectrum of pure LN, 15 Raman bands can be distinguished, 11 of which can be attributed
to Al and E vibrational modes. The A1 modes are polarized along the Z-axis, while the
doubly degenerate E modes correspond to ionic motions along the X or Y-axis [35,36].
In the spectrum of LN-LT (x = 0.25), 25 Raman bands can be distinguished; for x = 0.5,
the number of bands is equal to 20, for x = 0.75 to 15 and for pure LT to 17 (see Table 3).
The differences in the number of distinguished bands could probably be caused by the
overlapping of some bands with those with higher intensity. The observed differences
are associated with different compositions of the nanopowders as well as with probably
non-optimal technology regimes of nanopowders synthesis. Particularly, the following
main specific features of the LN-LT nanopowders Raman spectra were revealed.
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Figure 8. Diffraction patterns of LiNb;_,Ta,O3 nanopowders (x = 0.25; 0.5; 0.75; 1) obtained by
mechanosynthesis in optimal modes (milling speed—600 rpm, milling time—15 h, annealing at
700 °C for 5 h), as well as the reference diffractogram of LiNbOs3,

1. Few low-frequency bands near 73-75 and 90-97 cm ™! are observed for the nanopow-
ders with x # 0. These bands cannot be linked with known Raman bands of LT [35-37].
In accordance with the results of [38], these bands could be induced by the presence
of Li(Nb,Ta)3;0g phase, as identified by X-ray diffraction technique (see Table 2).

2. A more intensive band near 117-125 cm~! is observed only for the LN-LT sample
with x = 0.5. The presence of this band could be attributed to the contribution of
Li(Nb,Ta)30g and Ta,Os additional phases in this sample. Note that the authors in [38]
observed the close bands at 116 and 136 cm ™! and attributed them to LiNbzOg. The
bands near 100 cm ™! were attributed to TayOs by the authors of [39]. As it is followed
from the XRD data (see Table 1), the simultaneous presence of Li(Nb,Ta);Og and
TayOs5 phases occurs only in the sample with x = 0.5, so the overlay of corresponding
bands can result in a peculiar form of its spectrum. Furthermore, the sample with
x = 0.5, i.e., with the composition intermediate between pure LN and pure LT, ought
to essentially reveal the bands of both crystals, so it is no wonder that the spectrum of
this sample has the most complex character. Furthermore, the sample with x = 0.5
reveals a significant increase of the bands’ intensities near 260 and 630-670 cm™!
that visually looks like a widening of intensive neighboring peaks. This result is in
good agreement with [40], where two intensive neighboring bands in the region of
600 cm~! were also observed for the LN-LT sample with x = 0.553. Finally, it should
be noted that the bands near 600 cm ! are considerably broad for all investigated
samples in comparison with the other observed bands. This is consistent with the
results in [41] where it is concluded that the band at 600 cm ™! is broader for non-poled
LN samples (particularly, nanopowders) than for polarized.

3. The Raman spectra of LN and LT nano- and micropowders are shown in Figure 10
for comparison purposes. The latter were obtained by the crushing of LN and LT
single crystals grown at SRC ‘Electron-Carat’. As seen from Figure 10, the band
observed at about 1008-1009 cm~! for LT nanopowder is not pronounced for LT
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micropowder as well as for LN compounds. The similar band can be observed in
Figure 9 for nanopowders with x# 0. As it is seen from Figure 9, the intensity of this
band increases with increasing of x. Moreover, for x = 0.5, this band splits into two
with the frequencies of 994 and 1008 cm L. As it is shown in [39], this band is absent
in TapOs Raman spectrum. Since the data about Raman scattering in LiNb3Og are
not available in this spectral range, we cannot exclude that this band is linked with
the LiNb3Og (or LiTazOg) phase. However, as it is seen from Table 2, the LiTa3zOg
phase is absent in the pure LT sample annealed at 550 °C as well as in the sample with
x = 0.75 (within the limits of accuracy). Thus, we have to conclude that the nature
of this band cannot be clearly determined from current experiments and requires
additional studies.

Contrary to the results in [42], we did not observe any remarkable effect of grain size
reduction, i.e., decreasing of the intensities of all Raman bands caused by grain size
decrease (see Figure 10).

Increasing the spectral range up to 4000 cm ! allows revealing the weak vibrations at
1600 and 3400 cm ! (looking as low-intensive wide bands) that can be caused by the
traces of OH- groups, which are always present in LN and LT as well as the traces of
HCO;~ groups (near 1750 and 2900 cm 1) present in synthesized compounds, which
is probably due to the use of lithium carbonate as a component of the initial mixture.

Similarly to X-ray studies, we have measured the Raman spectra of nanopowder

samples obtained under optimal conditions. These spectra are shown in Figure 11.

4 I | T T T T T T T

0
0
0]
0

] w\/\/\/\ LleO |
o] I\ J’L |

0 200 400 moo 1200

Raman shift, cm'

Figure 9. Raman spectra of LiNb;_,TayO3 nanopowders obtained in non-optimal synthe-
sis conditions.
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Figure 10. Raman spectra of nanopowders (n) of LiNbO3 and LiTaO3 synthesized by mechanochemi-
cal treatment and the ones of micropowders (m) of LiNbO3 and LiTaO3 obtained by crushing.
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Figure 11. Raman spectra of LiNb;_,Ta;O3 nanopowders obtained in optimal synthesis conditions.
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Table 3. The observed bands in Raman spectra of LiNb; _,Ta,O3 nanopowders.

x=0 x=0.25 x=0.5 x=0.75 x=1
R;;ril fat? Intensity, Rsalrlrll fattl Intensity, R;}?; ;:1 Intensity, Rsal?il :;1 Intensity, Rsa}?il ;til Intensity,
cm~1 cm~1 cm~1 cm~1 au cm~1 au
117.3 556 63.5 151 75.5 3779 73.8 2037 73.1 2275
153.8 5873 73.2 391 95.8 3327 90.2 2046 97 2194
180 1089 80.8 1117 117.1 8657 146.9 6845 143.2 6681
238.8 10,002 97.5 2255 124.2 8534 168.4 4115 162 4985
262.6 4068 117.7 715 131 7601 215.3 10,093 209.1 10,133
276.7 4481 138 2445 150.2 7676 240.2 5079 232.5 4917
303 1582 153.8 7500 224.3 10,117 252.7 4891 250.5 4384
321 2491 168.8 4176 258.3 8375 319 2778 280.8 2294
333 2220 208.6 1390 3124 3266 351.1 2550 316 2327
369 1904 235.9 9978 342.3 2388 380.5 3293 356.2 2579
432.8 1550 259 5508 375.7 2129 458.3 1570 381.5 3387
584.6 3074 272.7 5113 453.1 997 600.1 6663 465.1 1618
621.3 3557 298.6 2242 608.4 8264 660.7 2598 597 7575
700.8 464 320.8 2914 629.7 7113 868.2 1535 637 2886
875 1681 336.4 2391 664.1 4978 1009.7 2344 660.2 2741
371.7 2150 849.6 1035 865.8 1122
436 1339 8729 1571 1009.2 4684
547.3 945 906 954
597.7 5018 994.1 2675
615.5 5608 1008.1 1536
676 1572
700 1300
821.8 808
872 1841
1009.7 341

As seen from Figure 11, the spectra for the LiNb;_,Ta,O3 are generally consistent
with those recorded for samples, which were obtained in non-optimal conditions (see also
Figure 9). The only difference is the band observed near 1000 cm ! for the LiNb; _,Ta,O3
specimens with x = 0.25, 0.5, 0.75, and 1, obtained in a non-optimal regime (Figure 9). This
band vanishes from the spectra of specimens, which are obtained in optimal regimes. The
nature of this band remains not clear and requires additional studies.

3.3. Electrical Conductivity

Impedance data of the pressed LiNbyTa;_,O3 samples are exemplarily shown for
400 °C (Figure 12) and 600 °C (Figure 13) in the form of Nyquist diagrams. The representa-
tion of the resistivity is chosen to eliminate the geometrical factors of the samples (thickness
and area). At 400 °C, the impedance data of all samples show a slightly depressed single arc
semicircle. Such depression could be attributed to the non-ideal capacitance of the samples,
which corresponds to low values of the CPE exponents obtained from fitting of an R,-CPE
equivalent circuit model to experimental data. In particular, at 400 °C, exponent values vary
between 0.74 (LiTaO3) and 0.85 (LiNbg 75Tag 2503) and slightly decrease with the tempera-
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ture increase. Another possible interpretation implies that the obtained impedance spectra
may consist of two overlapping semicircles, with similar relaxation times, representing
grain interior and grain boundary conduction mechanisms, respectively [43]. We note that
in case of nanostructured materials, the grain boundary contributions may significantly
overlap with that of the grain interiors, making it hard to distinguish between them [43,44].

400°C
8 7LiNb,, Ta 0, T

E @
C:’l] s =uU.
=4 - -
a ¢ x=0.75 2
? 0@ o0
] -

0 2 4 6 8 10 12 14
p', kQ-m

Figure 12. Complex impedance of pressed LiNb; _,TayO3 samples measured at 400 °C.

-400 600°C T T T T T T T T T T T T T T

1LiNb, T2, 0, '

x=0.25 X=°

£ _
G -200 - ) _
=~ | x=0.75 «° "o, _

: : | : | : | : | :
0 100 200 300 400 500 600 700 800

p', 2'm
Figure 13. Complex impedance of the pressed LiNb; _,TayO3 samples measured at 600 °C.

Impedance spectra of all samples at temperatures above 500 °C reveal the existence
of linear region of p”(p’) dependence, which follows the semicircle intercept at lower
frequencies. This is exemplarily shown in Nyquist diagram at 600 °C (Figure 13). At
this temperature, the impedance of the samples has been additionally measured down to
0.01 Hz in order to examine the low-frequency region of the p”(p’) dependence in more
detail; however, no changes in the line slope were observed. According to [45], such
peculiarity at low frequencies can be attributed to the electrode effect, which is typical for
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an ionic conductor: mobile charge carriers in form of ions are blocking the metal-sample
interface. On the other hand, a similar behavior of Z”(Z’) dependence at low frequencies,
which was observed in [46] for polycrystalline lithium niobate samples at temperatures
above 550 °C, was associated with a grain boundaries conduction mechanism.

The temperature dependencies of LiNb,Ta;_,O3 conductivity are shown in Figure 14
in form of Arrhenius plots. Generally, the behavior of conductivity is similar to that of
single crystalline LiNb,Ta; ;O3 reported in [47]. Furthermore, the conductivity tends to
correlate with Nb/Ta ratio, increasing with an increase of Ta content and reaching the
values at 820 °C of 0.022 S/m and 0.076 S/m for x = 0 and x = 1, respectively. However,
the conductivity of LiNbyTa;_,O3 specimen with x = 0.5 deviates from this correlation,
which could not be solely attributed to experiment uncertainty. The latter, according to our
estimations, is approximately 6% at 800 °C. This issue requires additional studies and will
be a subject of subsequent investigations.

T, °C
800 700 600 500 400 300
T [ T [ T I T [ T [ T [
107" 5 =
102 5 3
€ 1
CD 10 = _E
o} Ny
107 5 4
10 3 4
| ' | ! | ! | ! | .
1.0 1.2 14 16 1.8
1000/T, K

Figure 14. Temperature dependence of conductivity of LiNb;_,TayO3 pressed pellets.

The absolute values of conductivity (Figure 14) are generally higher, comparing to the
obtained previously for single crystalline and polycrystalline LINbO3 and LiTaO3 [45-52].
As reported in [51], such a difference is associated with a greater number of free ions in
polycrystalline LiNbO3; and LiTaO3 due to a developed system of grain boundaries and
much more defective structure in general [51]. Consequently, the variation of conductivity,
reported for different polycrystalline samples, can be attributed to differences in the average
grain size in particular.

The conductivity of all samples increases linearly in Arrhenius presentation up to
around 620 °C. After a transition temperature range of 620-670 °C, we observed the
conductivity increase as linear again; however, the slope changes (see mark in Figure 14).
This indicates that the conductivity is governed by a different process than that at lower
temperatures. The obtained results enable the determination of activation energy, E4 using
the relation:

o= Dot ?)
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where 0y, T, E4, and k represent the pre-exponential constant, absolute temperature,
activation energy, and the Boltzmann constant, respectively. Activation energies and
pre-exponential factors, obtained by fitting the Arrhenius equation to the measured con-
ductivity data, as well as the temperature ranges for fitting are summarized in Table 4. The
corresponding fits for low and high-temperature regions are exemplarily shown for the
LiTaO3 specimen in Figure 15.

Table 4. Activation energies E4 and pre-exponential coefficients oy for conductivity of LiNb;_,TayO3
pressed pellets at different temperatures.

300 = 620 °C 670 - 820 °C
Composition
Ey, eV o9, -10° S/m Es, eV oo, -10° S/m
LiNbO3 0.88 £ 0.031 0.17 1.05 £ 0.071 1.54
LiNbg75Tag2505  0.88 & 0.011 0.32 1.01 + 0.073 1.59
LiNby5Tag50;  0.88 + 0.015 0.58 1+0.07 2.61
LiNbg25Tag7505  0.91 + 0.015 0.83 0.99 + 0.069 2.58
LiTaO3 0.86 £ 0.015 0.48 1.09 £ 0.072 8.33
T, °C
800 700 600 500 400 300
6T ] T T T T T T
4- 620 °C LiTaQ,
2 -
p | i
b 04 70°C & & -
: g~ q= i
£ | 7.09 0.85 ol
_2 - ey (30 —
(6‘)0 0. 65 |
~ 0 o
-4 - (990 o C) -
oy |
6 T T T T T T T T T
1.0 1.2 14 1.6 1.8
1000/T, K

Figure 15. In(c-T) vs. 1000/ T dependence of LiTaO3; samples (dots) and linear fits of its separate
regions (lines).

Generally, the activation energies obtained in our study (Table 4) are consistent with
the values obtained previously for polycrystalline lithium niobate and/or lithium tanta-
late [43,46,50-53], varying from 0.63 to 1.25 eV. It should be noted that the wide range of
activation energies reported [43,46,50-53] is associated with their strong dependence on
samples grain size, which is in particular shown in a comparative impedance spectroscopy
study of single-, micro-, nanocrystalline, and amorphous lithium niobate [43]. Similar to
our study, the authors in [43] observed slightly depressed semicircles on p”(p’) dependence
of nanocrystalline LiNbOj3; and attributed such depression to the superposition of two
conduction mechanisms, arising from the grain interior and grain boundary, respectively.
The nanopowders studied in [43] were obtained by high-energy ball milling with the grains
size of about 20 nm.
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Qualitatively similar dependencies were observed for polycrystalline samples of non-
stoichiometric LINbOj in [53]. Here, the authors have obtained the LiNbO3; micropowders
by the ball milling technique with the grain sizes varying from 2 to 3 m. Obtained powders
were subsequently annealed and isostatically pressed in pellets at 2500 bars [53]. It is
assumed in [53] that the conductivity of LiNbOj3 in low and high-temperature regions is
governed by the polaronic and ionic conduction mechanisms, respectively. The activation
energies obtained in [53] vary from 0.78 to 0.88 eV for the low-temperature region and
from 1.07 to 1.20 eV for the high-temperature region, which is in good correlation with the
values obtained in our study.

Furthermore, the authors in [51] studied the electrical properties of polycrystalline
LiNbOj3 up to 800 K and obtained the activation energy of 0.88 eV, which is very close to
the corresponding value in our work. The sol-gel method was applied for the synthesis of
nanopowders. Subsequently, the powders were annealed at 1200 °C for 3 h and pressed in
pellets [51]. The average grain size was between 0.2 and 2 m. Since the measurements in [51]
did not extend to higher temperatures, no evidence of a second conducting mechanism
was observed.

4. Conclusions

In summary;, it is shown in the current study that the mechanosynthesis is the most
simple and most accessible method of lithium niobate and tantalate nanoparticles pro-
duction. This method allows obtaining LiNb; _,Ta,O3 nanopowders in only two stages:
high-energy ball milling of the raw powders (Li;CO3, Nb,Os, Ta;Os) and subsequent an-
nealing of the obtained precursors. Furthermore, this method allows completely excluding
usually undesirable wet chemistry procedures from the technological process.

A number of LiNb;_,Ta,O3 nanopowders (x = 0, 0.25, 0.5, 0.75, 1) is obtained by
means of the mechanosynthesis technique for the first time, to the best of our knowledge.

The X-ray analysis of LiNb;_,Ta,O3 nanopowders obtained at different conditions
allowed for determination of the optimal parameters for milling and annealing runs:
milling at 600 rpm for 12-15 h and subsequent annealing of powders in air at temperatures
650-700 °C for 5 h. This allowed obtaining single-phase LiNb;_,Ta,O3 nanopowders for
all the studied values of x.

The crystal structure of the samples was determined by the X-ray diffraction technique.
The full-profile Ritveld refinement was used for determination of the crystal structure
parameters and micro-structure parameters of LiNb;_,TayO3 nanopowders. It is shown
that the replacement of niobium by tantalum in the LiNb;_,Ta,O3 structure asymmetrically
influences the parameters of the unit cell: increasing the Ta content x leads to increasing
the lattice parameter 2 and the simultaneous decreasing of parameter c accompanied by a
slight decreasing of the unit cell volume. It is shown that the average size of crystallites
varies from 31 nm (treatment only at 550 °C) to 206 nm (additional treatment at 800 °C) for
different samples.

Raman scattering in LiNb;_,TayO3 nanopowders (x = 0, 0.25, 0.5, 0.75, 1) obtained by
mechanosynthesis was studied, to the best of our knowledge, for the first time. It is shown
that the obtained Raman spectra are generally similar. Some features (band shifts, changes
in their intensity, the formation of new bands) are attributed to the different values of x.
For samples obtained in non-optimal milling and annealing runs, bands typical for the
parasitic phases LiNb(Ta)30g, Nb,Os, and/or Ta,Os are observed in the spectra.

The measured temperature dependence of electrical conductivity in air up to 820 °C
shows similar behavior for all studied LiNb;_,TayO3 samples and tends to correlate with
the Nb/Ta ratio. Two linear regions are observed in the Arrhenius presentation, which is
attributed to different conductivity mechanisms. Activation energies vary from 0.86 £ 0.015
eV to 0.91 4 0.015 eV for different compositions in the low-temperature region and from
0.99 £ 0.069 eV to 1.09 + 0.072 eV at high temperatures.
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