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INCREASE IN IONIC CONDUCTIVITY IN THE NANOCRYSTALLINE
PHASE NaBi(M004)2:Gd**
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Nanocomposite based on synthetic opal soaked with the NaBi(MQa4)2:Gd®* melt was characterized by
X-ray diffraction patterns and Raman spectroscopy technique. Crystalline state of the substance inside opal
pores was proved for the composite. The angular positions and intensities of reflections in X-ray
diffractograms were different for nanocrystals compared to the crystal. Raman spectrum of opal -
NaBi(MoOa)2:Gd®*" was not essentially changed compared to that of the single crystal, except for a shift of
some Raman bands. The total conductivity of nanocrystals was measured in the frequency range from 1 Hz
to 1IMHz and temperature range from 290 K to 473 K. Impedance hodographs (Nyquist plots) for
nanocomposite were plotted. The energy of activation of conductivity and the nature of its frequency
dependence were determined. Hopping conduction mechanism was established. The comparison of the
temperature dependence with theory made it possible to estimate the average size of nanocrystals in opal
pores.

Keywords: nanocomposite, nanomaterials, photonic crystals, synthetic opal, Raman spectroscopy, ionic
conductivity.

Received 08.11.2021; Received in revised form 09.12.2021; Accepted 10.12.2021

1. Introduction

The creation and study of the physical properties of new nanomaterials based on
synthetic opals and active dielectric crystals is of fundamental interest from the point of view
of the physics of low-dimensional systems. Synthetic opals are three-dimensional structures
consisting of close-packed monodisperse silica globules that form an fcc lattice. Such
structures have tetrahedral and octahedral pores, which are connected with channels. Typical
values of the globule diameter and the linear size of the pores are hundreds and tens of
nanometers, respectively. The pores can be filled with various materials using various
techniques. A method based on a melt is promising for filling the opal pores with active
dielectrics. Using this method, you can create 3D-periodic structures of nanocrystals of active
dielectrics formed in pores of the opal matrix [1-3]. The unique physical properties of
dielectric nanocrystals are due to size effects, which are caused by the increasing role of the
surface with a decrease in size to less than 100 nm. In this case, the structure and properties
of the surface of nanocrystals are radically different from the properties in the bulk of the
crystal due to surface structural relaxation [4]. In [5], within the framework of the model of
surface tension in nanoparticles, it was found that the activation energy of ionic conductivity
decreases with decreasing nanoparticle size, while the conductivity increases. The revealed
theoretically regularities are confirmed by the results of measurements of the temperature and
size dependences of the conductivity of oxygen ions in nanograined ceramics ZrO2:16% Y

[6].

The aim of this work was to study the regularities of the temperature-frequency
dependence of the electrical conductivity of NaBi(M0O4)2:Gd** nanocrystals in the opal
matrix pores by impedance spectroscopy.

Single crystals of NaBi(MoOs). doped with rare-earth metal ions are promising
materials for solid lasers and require comprehensive study. The crystals are disordered in the
distribution of Na* and Bi** ions in two nonequivalent type positions, while gadolinium ions
Gd** occupy the position of bismuth [7]. Earlier, the study of the total conductivity in
alternating fields in bulk single crystals of NaBi(M00O.). was carried out in [8], in which it
was concluded that the hopping mechanism of conductivity existed in such material.
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2. Experimental

Original synthetic opals were grown by natural sedimentation of monodisperse SiO:
spheres synthesized by using the modified Stober technique [1, 9]. NaBi(M0Q4)2:Gd**
single crystal was grown by the Czochralski technique [10]. The filling of the opal
sample pores was carried out by their impregnation with a melt of a single crystal (Tm =
1133 K) under the action of capillary forces [1]. The fact of the melt entering the opal
pores was recorded by the shift of the Bragg reflection band maximum to the long-
wavelength region. Additionally, the Raman spectra of the nanocomposite opal —
NaBi(M004)2:Gd* were measured. The Raman spectrum of opal — NaBi(MoOx)2:Gd**
was not essentially changed compared to that of the single crystal [11], except for a shift
of some Raman bands.

3. Results and discussion

X-ray diffractograms (XRD) of opal-NaBi(M0Os)2:Gd* nanocomposite and
polycrystalline powder of NaBi(Mo0OQa4)2:Gd** were measured (shown in Fig. 1). XRD
pattern of synthetic opals were presented in the work [12].
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Fig. 1. X-ray diffraction patterns.

As can be seen from the Fig. 1, the angular positions of the diffraction maxima for
the opal-NaBi(M00O4)2:Gd* nanocomposite coincide with the data for the bulk
monocrystal within the measurement accuracy (+ 0.1°). However, the intensities and half-
widths of the reflexes differ. It is known that a decrease in the size of crystallites causes
diffraction lines broadening and that the integral width of the diffraction line profile is
inversely proportional to the size of crystallites in the sample [13]. The broadening due to
the particle size distribution is determined by the expression:

B=A/D cos 6, (1)

where D is the effective size of the nanocrystal. Thus, broader diffraction peaks in the
nanocomposite may indicate the presence of a nanocrystalline phase in the sample opal-
NaBi(Mo00a)2:Gd* nanocomposite.

The powder of the composite was compressed into circular pellets (10 mm diameter
and 1mm thickness) under 10 tons (1MPa) using a hydraulic press at room temperature.
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Both faces of the pellets were silvered to reduce possible surface current and achieve a
good conductivity.

The real and imaginary components of the complex impedance as well as the phase
shift were measured in the frequency range from 1 Hz to 1 MHz and temperature range
from 290 K to 390 K using Solartron-1260 Impedance / Gain Phase Analyzer with 1294
Dielectric Interface, UK. The applied voltage signal has an amplitude of 0.2 V with an
accuracy of 0.1%. The real and imaginary components of the complex impedance as well
as the phase shift were measured in the frequency range from 1 Hz to 1 MHz and
temperature range from 363 K to 473 K using LCR meter from Hioki. The applied
voltage signal had an amplitude of 0.5 V. The temperature dependence measurements
were taken inside an oven, under ambient atmospheric conditions.

The impedance spectra (Nyquist plots) indicate the semiconductor behavior of the
material (bulk resistance decrease with temperature increasing). The bulk conductivity
was given by on = t/RA, where A is the area of the electrodes, t is the thickness of the
sample, and R is the bulk resistance (determined from the diameter of the semicircle).
Fig. 2 shows that bulk conductivity (ov) has a temperature dependence and can be
described by an Arrhenius equation:

0, =0, eXp (%), 2
where oo is the pre-exponent factor, Es is the activation energy, and T is the absolute
temperature and ks is Boltzmann constant (8.61x10°eV K™). The calculated value of the
bulk activation energy is E» = 0.17 eV.
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Fig. 2. Bulk conductivity as a function of temperature.

The type of conduction mechanism in the material can be determined by studying
the frequency dependence of conductivity (cac). cac IS usually expressed within the
framework of the Jonscher universal power law (JPL) cac =A " [14] where A is a
temperature dependent parameter, n is the exponent factor. Fig. 3 shows the temperature
dependence of the exponent factor (n) where n is decreasing as the temperature increases.
Such behavior of n and its recorded values (n < 1) make the correlated barrier hopping
(CBH) model as proposed by Elliot [15] to be the most suitable model for describing the
conduction mechanism inside of our present material.
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Fig. 3. The exponent factor of ac conductivity.

The temperature dependence of bulk conductivity from 363 K to 473 K are shown in
Fig. 4.
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Fig. 4. Bulk conductivity as a function of temperature.

At high temperature the calculated value of the bulk activation energy is E» = 0.213
eV. Fig. 5 shows the temperature dependence of the factor (n) at frequency higher than
10* Hz, where n is decreasing as the temperature increases.

The theoretical dependence of the ionic conductivity was calculated using the
formula from [5] assuming that the main contribution to the conductivity is made by Na*

ions:
IU«, (EU) h(ZC{V) 3
o~ exp |- sin RKT 3)

The following values were used as initial parameters: Eo = 1.2 eV [8], the volume of
the sodium ion V = 3.94x10° nm®. A comparison of theory with experiment and the
selected values of the surface tension coefficient a and the average radius of nanocrystals
Ro are shown in Fig. 6.
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Fig. 5. The exponent factor of ac conductivity.
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Fig. 6. Comparison of theory [5] with experiment for the temperature dependence of the ionic
conductivity of the opal-NaBi(Mo004)2:Gd** nanocomposite: Ro = 3.72 nm (a) and Ro = 4.43 nm (b).

The experimental points fit well with solid straight lines, which were constructed
using formula (1) in different temperature ranges (Fig. 6 a, b). Thus, obtained values of
the nanocrystal sizes Ro ~ 4 nm confirm the hypothesis that nanocrystallization occurs on
the surface of globules, which has its own substructure of the same scale, and surface
details are the centers of nanocrystallization. In this case, the conductivity is
predominantly of a surface nature. lon hops occur on the surface of nanocrystals, on
which there are increased concentration of impurities and structural defects including acid
native vacancies, as well as vacancies in the disordered sublattice of Na* and Bi** ions.
Additional internal deformations on the surface of nanocrystals arising due to surface
tension forces lead to a decrease in the energy barriers for ion diffusion.

4. Conclusions

An increase in the ionic conductivity in the nanocrystalline state of the nonlinear
insulator NaBi(Mo0:)2:Gd**, which has a disordered sublattice of Na* and Bi*" ions, in
the opal-NaBi(Mo00Oa)2:Gd* nanocomposite was experimentally established. The increase
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in ionic conductivity is due to an increase in the contribution of the surface conductivity
of nanocrystals, for which, because of the action of surface tension forces, the diffusion
activation energy decreases. Comparison with theory [5] made it possible to estimate the
average size of nanocrystals in the nanocomposite. The obtained value correlates with the
scale of the structure of the surface of silica globules, on which nanocrystallization
occurs.
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