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The electrophysical and structural characteristics of bismuth titanate oxides of a number of phases of solid solutions of the
Aurivillius phases Bi;_, Nd,, Ti,NbO,, (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) having a layered structure of the perovskite type have
been investigated. According to the XRD data, all studied compounds are single-phase and have a mixed-layer structure of
Aurivillius phases (m = 2.5) with a rhombic crystal lattice (space group I2cm, Z = 2). A relationship has been established
between changes in the chemical composition of solid solutions and orthorhombic and tetragonal distortions of perovskite-like
layers. The temperature dependences of the relative permittivity /= (T) are measured. It was found that the change in the phase
transition temperature — Curie temperature 7 synthesized Aurivillius phases Bi,_Nd,, Ti,NbO,, (x = 0.0, 0.2, 0.4, 0.6, 0.8,
1.0) has a close to linear dependence on the change in the parameter x. The activation energies of charge carriers in different
temperature ranges were calculated. It was found that three clearly defined temperature ranges with different activation ener-
gies can be distinguished, which is associated with the different nature of charge carriers in the studied solid solutions of the
perovskite type. The effect of substitution of Nd** ions for Bi** ions is investigated.

Keywords: Aurivillius phases; Bi;_, Nd, Ti,NbO,,; Curie temperature (7); tolerance factor.

1. Introduction

One of the remarkable types of compounds in the series of
Aurivillius Phases (APs)!= is mixed-layer compounds. The
mixed-layer compounds of the family of bismuth-containing
layered compounds of the perovskite type have a chemical
composition that is described by the formula A,,_;Bi,B,,05,,.3,
common for the entire family of APs. The crystal structure
of mixed-layer compounds of APs consists of alternating lay-
ers of [Bi,0,]%, separated by an even and odd number layers
(m and m+1) [A,,_,BmOs;,,,]>-, where the position A in the
dodecahedra is occupied by ions with radii greater than 1 A
by the lone electron pair s? (Bi**, Sr>*, Y3*, Ln?" (lanthanides))
have, while the B-positions inside the oxygen octahedra are
occupied by ions with a radius less than 0.7 A and having in
the ground state the shell of the s?p® noble gas atom (Ti**, Nb>*,
Ta>*, W, Ga’", etc.). Interest in mixed-layer compounds, on
the one hand, is due to the fact that they have two phase transi-
tions. On the other hand, it is caused by practical problems —
possible applications in the development and production of
high-temperature piezoelectric sensors operating in extreme

conditions, as elements of nonvolatile ferroelectric random
access memory (FeRAM),*3 as multifunctional materials
exhibiting both ferroelectric and magnetic properties (mul-
tiferroics).%” The possibility of a significant variation in the
composition due to the substitution of A and B ions with a
simultaneous change in the crystal structure due to an increase
in the number of layers m = 1-6 makes it possible to obtain a
large number of Aps.®? The main task of the study is to estab-
lish relationships between the chemical composition, crystal
structure and dielectric properties of new APs. As can be seen
from our previous works, the introduction of changes in the
composition of the APs due to the addition of a certain amount
of donor impurities, such as W&, V3+ Re™, etc., leads to a
decrease in the number of oxygen vacancies and a decrease
in the leakage current.!® Doping with APs allows an increase
in the dielectric constant, as well as a controlled change in the
Curie temperature 7., in a possible temperature range. When
doped with the SrBi,(W, Ta;_),0y (x = 0.0, 0.2) composi-
tion, an increase in the residual polarization of tungsten SBT
ceramics with an increase tungsten up to x < 0.075.11-16
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The Bi,Ti,NbO,, compound belongs to mixed-layer APs
with m = 2.5, in which layers with an even number m = 2 of
the initial APs (Bi;TiNbOy) and an odd number m = 3 of the
initial APs (Bi,Ti;0,,) alternate regularly.

In this work, we investigated the relationship between the
chemical composition, structural changes and electrophysi-
cal properties of a mixed-layer compound of a series of solid
solutions APs Bi,_, Nd,, Ti,NbO,, (x=0.0, 0.2, 0.4, 0.6, 0.8,
1.0). Structural studies were carried out using X-ray diffrac-
tion patterns and the temperature dependences of the dielec-
tric characteristics of new APs from the series: Bi,Ti,NbO,,,
Big¢Nd , TiyNbO,,, Bi,NdsTi,;NbO,,, BisgNd, ,Ti,NbO,,,
Bi; ,Nd, (Ti,NbO,,, Bis ,Nd, , Ti,NbO,,.

2. Experimental Methods

The polycrystalline samples APs were obtained by sol-
id-phase reaction. To obtain the samples, the corresponding
oxides Bi,0;, Nd,O;, TiO,, Nb,Os of high purity were used.
A mixture of oxides of stoichiometric composition of the
starting compounds was weighed, thoroughly crushed and
mixed with the addition of ethyl alcohol, pressed and cal-
cined at a temperature of 890 °C for 2 h. Then the samples
were re-crushed to a uniform consistency, compressed into
tablets 10 mm in diameter and 1.0-1.5 mm, followed by the
final synthesis of APs at a temperature of 1120°C (for 4 h).
X-ray diffraction patterns were obtained on a DRON-3M dif-
fractometer with a 1.5BSV29Cu X-ray tube. With the help
of a Ni-filter, the radiation of Cu K,,, ,, was separated from
the general spectrum. The measurement range of the diffrac-
tion patterns of the angles 26 was in the range from 10° to
65°, the scanning step was 0.04°, the exposure was 10 s at
a point. The PCW 2.4 program!” was used to: refine the unit
cell parameters, determine the position of lines, analyze the

16000 —

1112

14000
12000

10000 - =

Intensity,counts

J. Adv. Dielect. 11, 2160018 (2021)

profiles of diffraction patterns and index them (4kl). To mea-
sure the change in the temperature dependence of the dielec-
tric constant and electrical conductivity, electrodes were
applied using an Ag—Pd paste on the preliminarily ground
and degreased surfaces of APs samples in the form of disks
10 mm in diameter and about 1-1.5 mm thick. The Ag—Pd
paste was burned in at a temperature of 820°C (1 h). The
dependences of dielectric characteristics on temperature and
frequency were measured using an E7-20 immittance meter
in the frequency range from 100 kHz to 1 MHz and in the
temperature range from room temperature to temperatures
exceeding the Curie temperature 7, by 30°C.

3. Results and Discussion

Diffraction patterns of powders of all studied solid solutions
Bi;_, Nd, Ti,NbO,, (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) corre-
sponded to single-phase APs with m =2.5 and did not contain
additional reflections. Figure 1 shows the powder diffraction
pattern of the Bi,_, Nd, Ti,NbO,, sample (x = 0.2, 0.4, 0.6,
0.8, 1.0). It was found that all synthesized APs under study
crystallized into an orthorhombic structure with a unit cell
space group I2cm (46).

From the X-ray diffraction data, the unit cell parame-
ters and unit cell volume were determined. Table 1 shows
the parameters of the orthorhombic 6b and tetragonal éc’
deformation; average tetragonal period a,, tolerance fac-
tor #; and the average thickness of a single perovskite
layer ¢'. The obtained unit cell parameters for the studied
APs Bi,_, Nd, Ti,NbO,, (x = 0) sample are close to those
determined earlier: a = 5.4469 (4) A, b =5.4121 (4) A, ¢ =
58.0429 (47) A (Ref. 18);a=5.45A,b=542A,c=58.1A
(Ref. 19); a = 5.44 A, b = 540 A, ¢ = 58.1 A (Ref. 20);
a=5442 (1) A, b=5.404 (1) A, ¢ =57.990 (12) A (single

Fig. 1.

X-ray powder diffraction patterns of Bi,_, Nd, Ti,NbO,, (x=0.2, 0.4, 0.6, 0.8, 1.0) (space group [2cm).
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Table 1.
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Unit cell parameters a,b,c,V, and value of tolerance-factor ¢ of APs Bi,_, Nd, Ti,NbO,, (x = 0.0, 0.2, 0.4, 0.6, 0.8,

1.0); parameters of the orthorombic b and tetragonal éc’ strains; average tetragonal period a,, and average thickness of single

perovskite layer ¢'.”

Compounds a, A b, A c, A v, A3 t a, A &,% 5, % A
Bi, Ti,NbO,, 5444(9) 54114 5801 170895 0948 3834  0.698  —1428  3.781
BigNd, ,Ti,;NbO,,  5.4623 54381 5809 1725536 0958  3.848 0714  —1559  3.788
Big,Nd ¢ Ti,NbO,, 5.4564 5.4179 58.09 1717.27 0.957 3.844 0.696 —1.482 3.787
Bi(Nd,,Ti,NbO,,  5.4595 54187 5809 171849 09558 3,843 0766  —1456  3.788
Bis,Nd, [Ti,NbO,,  5.4567 54149 5807 171591 09546  3.846 0747  —1501  3.788
Bis (Nd, ;Ti,NbO,, 5.4664 5.4517 58.09 1719.464 0.9534 3.861 0.268 —1.865 3.788

crystal).?! The unit cell structure of APs Bi,Ti,NbO,, can
be described as the alternation of the initial phases with
m =2 (Bi;TiNbOy) and m = 3 (Bi,Ti;0,,). It was previously
found that this compound has a higher residual polarization
compared to the two initial APs along the c-axis, where
the BiTiNbO, building blocks contain an equal amount of
Ti** and Nb>* ions in the perovskite layer and the Bi,O,
layers and the perovskite-like Bi,Ti;0,, layer are separated
with m = 3 — blocks without niobium ions. These blocks
BiTiNbO, with m = 2 and Bi,Ti;0,, with m = 3 are displaced
relative to the [100] direction by 1/2 cell. Blocks of octahe-
dra in perovskite-like layers have distortions along the c-axis
(compression or tension), as well as tilt around the a-axis
and rotation around the c-axis.?>?3 Figure 2 shows the depen-
dence of the unit cell parameters on the parameter x. As can
be seen from Fig. 2, the change in the unit cell volume in
this series does not exceed 2%. It was found that the change
in the unit cell parameters of the APs Bi,_, Nd, Ti,NbO,,
is related, among other things, to the difference in radii in
the ions in position A having dodecahedral coordination in
the perovskite-like layer, where position A is occupied by
Bi%* ions (R} = 1.33 A and are replaced by Nd3* ions with a
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Fig. 2. Dependences of the unit cell parameters a, b, ¢ in solid
solutions.

much smaller radius (Ry,>* = 1.27 A). It should be noted that
the observed decrease in the unit cell volume at x = 0.2-0.4
is associated only with a change in the unit cell parameters
b and a. The unit cell volume at x = 1.0 increases again.
In this work, the tolerance factor ¢ was calculated using the
Goldschmidt formula (1):

t=(R,+Ry)/2 Ry +Ry), (1)

where R, and Ry are the radii of cations in positions A and
B, respectively; R, is the ionic radius of oxygen.>* The cal-
culation of the tolerance coefficient r was carried out taking
into account the ionic radii of the Shannon data with the
corresponding coordination numbers (CN) (0>~ (CN = 6)
R,=1.40A,Nd3* (CN=6) Ryy=1.27 A, Nb5* (CN = 6) Ry, =
0.64 A, Ti* (CN = 6) Ry; = 0.605 A) Shannon?’ did not pro-
vide the ionic radius of Bi** for coordination with CN = 12.
Therefore, its value was determined. From the ionic radius
with CN = 8 (R¥; = 1.17 A), multiplied by the approximation
factor of 1.136, then for Bi** (CN = 12) we got R = 1.33 A.
As you can see from Table 1, all the tolerance factor ¢ for
synthesized lie in a rather narrow range of 0.95. This range
is in the center of the region of maximum stability of cubic
structures, which is characterized by the values 0.9 <7< 1.0.
The obtained values of the orthorhombic deformation 6b =
(b — a)la — thombic deformation, éc’ = (¢’ — a,)/a, is the devi-
ation of the cell from the cubic shape, that is, lengthening
or shortening along the c-axis, (where a, = (a, + by)/a is the
deviation of the cell from the cubic shape, that is, lengthening
or shortening along the c-axis, ¢’ = 3¢ /(8 + 6m) the average
thickness ¢ of one perovskite layer) (Table 1).2

It can be seen from Table 1 that, as the parameter x
changes into range of x = 0-0.4, the orthorhombic distortion
of the pseudoperovskite unit cell significantly decreases as
compared to the undoped Bi,Ti,NbO,,. For the entire series
of Nd3, the tolerance factor ¢ increases due to the decrease in
the concentration of Nb°* ions with the largest ionic radius,
whereas the average tetragonal period ¢, and the average thick-
ness of the single perovskite layer systematically decrease.

In addition to the results of structural studies, the tempera-
ture dependences of the relative permittivity e/¢,(7) and the
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values of the tangent of the angle of dielectric losses at vari-
ous frequencies of 100—1000 kHz were obtained. The activa-
tion energies E, of charge carriers are calculated for different
temperature ranges. Figure 3 shows the temperature depen-
dences of the relative permittivity /¢, (7) and of the tangent
of the angle of dielectric losses for Bi,_, Nd, Ti,NbO,, (x =

J. Adv. Dielect. 11, 2160018 (2021)

0.0-1.0) at a frequency of 100 kHz—1 MHz. All /¢ (T) depen-
dences have two features at temperatures 7', and 75, for which
the corresponding values of the dielectric constant are given
in Table 2.

The first peak on the ¢/¢,(T) dependence at temperature 7,
corresponds to the phase transition from the polar to the polar
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Fig. 3. Temperature dependences of the relative permittivity ¢/ ,(T) (left panels) and loss tgo (right panels) of Bi,_, Nd,, Ti,NbO,, (x = 0.0,
0.2,0.4, 0.6, 0.8, 1.0) measures at of 100 kHz—1MHz.
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Table 2. Dielectric characteristics of Bi;_, Nd,, Ti,NbO,, (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0).

Compounds t eleo(T/T,) (100kHz)  T,,°C T, °C E\/E)E;, eV

Bi,;TiyNbO,, 0.948 18007900 850 665 0.9/0.3/0.02

Big ¢Nd , 4, Ti,NbO,, 0.958 900/500 830 610 0.81/0.24/0.01

Bis,Nd o Ti,NbO,,  0.957 400/250 820 545 1.73/0.23/0.11

Bis(Nd ,Ti,NbO,,  0.9558 4007325 766 425 1.16/0.55

Bi, ,Nd, (Ti,NbO,,  0.9546 250/245 670 255 0.9/0.48/0.03

BisNd,Ti,NbO,, 0.9534 172/172 562 95 0.8/0.33/0.06
phase (ferroelectric—ferroelectric), this transition in the tem- — . .
perature range from 7 to 7, is accompanied by the removal 800+ I
of distortions for the Bi,Ti;O,, perovskite block with m = 3, 7004 o \. T
while in the BiTiNbO, perovskite block with m = 2, the dis- 600l = e ~
tortions of the octahedral layers are retained. s \o u

At temperatures above T, distortions are removed in 9007 \

both blocks of the perovskite type, and the Nd** symmetry 400+ °
is close to I4/mmm. Thus, the temperature 7', corresponds 300 \
to the transition from the polar to the nonpolar phase (par- 200.] b
aelectric—ferroelectric phase), this is the Curie temperature \Tz
T¢. Replacement of Bi** jons in cuboctahedra by ions with a 100+ °
smaller ionic radius usually leads to significant changes in the 00 02 02 06 0B o
dielectric characteristics of these compounds. Accordingly, it ' ’ ’ . ' ’ ’

should be expected that there is a dependence of the tem-
perature T, on the tolerance coefficient # due to changes in
the average radii of the A ions. Figure 4 shows the depen-
dences of the temperatures 7; and 7, on the parameters x

Fig. 4. Dependences of the temperature 7. of the synthe-
sized Bi;_,Nd,, Ti,NbO,, (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) on the
parameter x.
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and ¢ for Bi,_, Nd,,TiyNbO,,, which turned out to be unex-
pected for this type of substitution. It should be noted that
with an increase in neodymium concentration, the decrease
in temperature 7, is much more pronounced (it decreases by
almost 500 °C) compared to 7;(x) (which decreases by only
about 270 °C). A possible explanation for the difference in the
dependences T;(x) and T,(x) may be the assumption that the
substitution of Bi** ions in cuboctadra by Nd*" ions occurs
mainly not in most distorted perovskite layers of BiTiNbO,
with m = 2 and, but to a greater extent, in a more symmetric
compound Bi,Ti;0,, with m = 3. The maxima on the tempera-
ture dependence of the dielectric constant £(7) do not show
any dependence on the composition of Bi,_, Nd,, Ti, NbO,,
(Table 2). Since the dielectric constant ¢ depends on many
factors (composition, grain size, porosity, concentration of
vacancies, etc.), the combination of all these factors neutral-
izes this dependence. The obtained values of the activation
energy E, of charge carriers in Bi,_, Nd, Ti,NbO,, are pre-
sented in Table 2. The activation energy E, was determined
from the Arrhenius equation:

o=AIT exp(~E,JkT), 2)

where o is the electrical conductivity, k is the Boltzmann’s
constant, and A is the constant. A typical dependence of Ino
on 10,000/KkT (at a frequency of 100 kHz), which was used to
determine the activation energies E,, is shown in Fig. 5 for the
AP Bis ¢Nd, ,Ti,NbO,,. Figure 5 clearly shows that there are
three temperature regions in which the activation energies E,
have significantly different values. For two high temperature
regions, characterized by high activation energies of charge
carriers, the values E, (1) > E, (2) differ from each other
by almost two times, and the boundary of the change in the
activation energy is close to the phase transition temperature
T,. It should be noted that the values of E, corresponding to
the electrical conductivity in a wide temperature range from
300°C to T, systematically decrease with increasing doping
with Nd3* ions for all members of the Bi,_, Nd, Ti,NbO,,

Inc

6 8 10 12 14 16 18 20 22 24 26 28 30
10000/T

Fig. 5.
sample.

Dependence of Ino on 10,000/T for the Bis gNd, ,Ti,NbO,,

J. Adv. Dielect. 11, 2160018 (2021)

series, while in the high-temperature region above T for E,
such dependence is not observed. It is known that, in a wide
temperature range, the determining factor is ionic conductiv-
ity, which occurs by the mechanism of oxygen ions jumping
into existing vacancies in the crystal lattice.

This intrinsic conductivity is characterized by relatively
high charge carrier activation energies of approximately 1 eV.
The doping of Nd** by different cations can lead to a change
in their conductivity, both toward an increase with the forma-
tion of additional oxygen vacancies and toward a decrease,
when these vacancies are bound with doped metal ions. The
systematic decrease in the activation energy in the series of
Bi,_,,Nd,, Ti,NbO,, with an increase in the concentration of
Nd3* ions, which leads to an increase in the electrical conduc-
tivity, indicates the first mechanism of change in the electrical
conductivity of this Nd3*. The obtained values for the studied
series of Bi,_, Nd, Ti,NbO,, are close to the characteristic
values of the activation energy (approximately 0.5—1.0 eV) for
oxygen vacancies in the Nd3*. The nature of the conductivity
in APs at temperatures above 7, with higher values of £, (1) >
1.5 eV requires further investigation. In the low-temperature
range, the electrical conductivity is predominantly deter-
mined by impurity defects with very low activation energies
of the order of a few hundredths of an electron-volt.

4. Conclusion

(1) Series of layered bismuth perovskite oxides Bi;Ti,NbO,,,
Big ¢Nd, 4Ti,NbO,,,Bis ,Nd, s Ti;NbO,,,Bis gNd, , Ti,NbO,,,
Bi; ,Nd, (Ti,NbO,,, Bi5 (\Nd,Ti,NbO,, were synthesized by
the solid-state method.

(2) The X-ray structural studies carried out in our work
showed that all the compounds obtained have the APs
structure (m = 2.5) with an orthorhombic crystal lattice
(space group I2cm, Z = 2).

(3) An analysis of the details of the structure of the APs
showed that an increase in the concentration x of
neodymium x from 0.2 to 1.0 and a partial replacement
of bismuth ions with niodimium ions lead to a decrease
in the tangent of the dielectric loss angle and a decrease
in ¢/, (T). The temperature dependences &/c,(7T) in
Bi,_,,Nd,, Ti,NbO,, compounds (x = 0.0, 0.2, 0.4, 0.6,
0.8, 1.0) exhibit two anomalies:

(a) the low-temperature anomaly corresponds to a
ferroelectric phase transition;

(b) the high-temperature anomaly is associated with the
Curie temperature 7, corresponding to the ferroelec-
tric phase of the paraelectric transition.

(4) Ligation with neodymium ions Bi;_, Nd, Ti,NbO,,
results in:

(a) toasignificant shift of low-temperature peaks towards
a decrease (500°C).

(b) and less significant shift of 7. towards decrease
(150°C).
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