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0.2, 0.3) was synthesized by the high-temperature solid-phase reaction method. X-ray diffraction analysis showed
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1. Introduction

When studying the system BiO3—TiO, in 1949, V. Au-
rivillius established that the BiyTi3O;;, oxide with a
perovskite-type structure was formed [1]. Ten years later,
the G. Smolenskii’s team [2] discovered ferroelectric proper-
ties in BiPbNb,Oy that belongs to this compound family,
which was followed by an intense stage of investigation
of these compounds. In 1961 and 1962, E.S. Subbarao
produced about ten new compounds and almost all of
them were ferroelectric [3,4]. In this regard, these
compounds can be rightfully called Aurivillius—Smolensky
phases (ASP) [5].

As of now, hundreds of the ASPes are synthesized. They
form a large family of bismuth-containing perovskite-type
layered compounds, whose chemical composition is de-
scribed by the general formula BiyA,,—1B,,03,+3. The ASP
crystal structure includes alternating layers [Bi,O,]>* that
are separated by m perovskite-like layers [A,,_ 1B ,O3+1]>~
where A sites are occupied by large-radius ions: Nat [6],
K* [7], Ca** [8], Sr2* [9], Ba®* [10], Pb** [11], Y3* [12,13],
Bi3*, Ln** (La [14], Nd [15], Sm [16], Gd [17], Ce [18],
Tb [19], Dy [20], Ho [21], Er [22], Eu [23]) and Ac, Th, Pr
(actinides), which demonstrate a dodecahedral coordination.
B-sites inside the oxygen octahedrons are occupied by

B

7*

highly-charged (>3+) low-radius cations: Fe, Cr, Mn,
Co, [24-26] as well as Cu>* [27], Mg?* [28], Ti*+, W6+ [29],
Nb>* [30], Ta>* [31].

The value of m is determined by the number of the per-
ovskite layers [A,,_1B,,03,.1]>~ arranged between fluorite-
like layers [Bi,O,]?* along a pseudo-tetragonal axis ¢ [32]
and can be an integer or semi-integer [33] number within the
range m = 1—5. Replacements of atoms in the sites A and
B significantly affect electric properties of the ASP. There
are large changes of permittivity and electrical conductivity;
besides, the Curie temperature can also Tc¢ vary widely.
Thus, the study of the cation-substituted ASP compounds
is of great importance in the development of materials for
various technical purposes.

A microstructure and electric properties of the ASP
compound family SrBi;Nb,09 (SBN) are studied due to
a report on a high piezoelectric constant dsz < 20 pC/N,
low dielectric losses [34-38] and its excellent no-fatigue
properties [39-44|, thereby making this compound a base
for creating new piezoelectric materials.

Replacement of Sr in the sites with Ca ions in the SBM
ceramic resulted in crease of T¢, which is important for
high-temperature resonant cavity applications [45,46]. But,
replacement of Bi*t in the Bi,O, layers with some rare-
earth ions, such as La*" or Pr’f, results in shifting T¢
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towards the lower temperatures [47-49]. It was found that
a behavior of the neodymium-doped SBN ceramic resulted
in a transition from the common ferroelectric into a relaxor-
type ferroelectric due to incorporation of Nd3* ions into
the Bi,O; layers [50,51]. It was reported in the study [52]
that the SrBi; gPry,Nb,O9 ceramic demonstrated a relaxor
behavior of frequency dispersion. Replacement of the Bi3*
ions with Nd** resulted in shifting the Curie temperature
Tc towards the lower temperatures, reduction of residual
polarization and reduction of a coercive field.

The present study has investigated the influence of
replacement of the Bi’* ions with the Nd** ions on the
crystal microstructure, dielectric, ferroelectric and piezo-
electric properties of the synthesized ASP compounds
SrBiZ,XNdebzog (x = 00, 01, 02, 03)

The present study continues a series of studies on inves-
tigating the crystal structure, the microstructure, the Curie
temperature 7c, the dielectric and ferroelectric properties
of the various compounds of the ASP family when doping
with the neodymium ions [53-56].

2. Experiment

The polycrystalline ASP series SrBiy_,Nd,Nb,Og
(x =0.0, 0.1, 0.2, 0.3) was synthesized by a solid-state
reaction of the respective oxides BiyOs;, SrCOs3, Nd,Os,
Nb,Os. All original compounds were of analytic grade.
After weighing in a stoichiometric composition and thor-
ough fining of the initial oxides with addition of ethanol,
the pressed samples were ignited at the temperature
860—870°C for 4h. The samples were calcinated in a
muffle furnace in air. The sample was then crushed,
repeatedly fined and pressed into pills of a diameter of 9 mm
and a thickness 1.0—1.5 mm, with subsequent final synthesis
at the temperature of 1140 °C (2h).

The X-ray image was recorded at a diffractometer Rigaku
Ultima IV with a Cu X-ray tube. Radiation Cu Kea;, @, was
picked up out of the general spectrum by means of a Ni
filter. The X-ray image was measured within an angle range
of 20 from 10° to 60° with a scanning step of 0.02° and
exposure (intensity recording time) of 4s per dot. Analysis
of the X-ray image profile, determination of line positions,
their indexing (hkl) and refinement of lattice cell parameters
was carried out using the PCW software 2.4 [57].

In order to measure the permittivity and electric con-
ductivity, electrodes were applied onto flat surfaces of the
studied samples using Ag paste annealed at the temperature
of 720 °C (20 min.). The temperature and frequency charac-
teristics of the dielectric characteristics were measured using
an E7-20 LCR meter in the frequency range from 100 kHz
to 1MHz and in the temperature range from the room
temperature to 500 °C.

The piezoelectric constant d33 was measured by polar-
izing the sample in an oil bath at 150°C under voltage
45—65kV/cm for 30 min.

Hysteresis loops P—E were studied wusing the
Sawyer—Tower circuit of a bench for studying piezoelectric
materials in strong electric fields ,Petlya® [58]. The
measurement were performed at the room temperature with
the maximum voltage ~ 5kV by immersing the sample
into oil. The values of the piezoelectric constant of the
studied compounds were found from a relationship with the
known value of the piezoelectric constant of a reference
X-cut quartz sample.

Images of the microstructure of the surfaces were ob-
tained by means of a scanning electron microscope Carl
Zeiss EVO 40 (Germany) at the Collective Use Center
of the Southern Scientific Center of the Russian Academy
of Sciences. The study was carried out at transverse
cleavages of the produced ceramic without preliminary
mechanical processing. An additional conducting layer was
neither applied. The images are obtained in a mode of
high accelerating voltage (EHT =20kV), and the probe
current was Iprope = 25 pA, while the operating distance was
WD =7.5—8mm.

3. Results and their discussion

Powder X-ray diffraction patterns of all the studied solid
solutions SrBi,_,Nd,NbyOgy (x = 0.0, 0.1, 0.2, 0.3) corre-
spond to the single-phase ASPes with m = 2 and have not
additional reflections. These compounds are isostructural to
the known perovskite-like oxide of the SBN ASP. All the
peaks are indexed based on orthorhombic cells related to a
space group A2;am, which corresponds to the JCPDS file
of Ne. 49-0617 (Ne. 36 in the PCW 2.4 software). Figure 1,a
shows the experimental powder X-ray diffraction pattern of
the studied compounds SrBi;_,Nd,Nb,Og (x = 0.0, 0.1,
0.2, 0.3). The peak (115) in the X-ray diffraction pattern
of Figure 1,a shows the highest intensity in the plane
(11(2m + 1)). This typical diffraction peak corresponds to
a layered structure of SBN [59].

It is clear that a degree of orientation of the 00/ ceramic
remains constant and does not depend on the concentration
of Nd**, which is typical when sintering for a short
(t < 25h) time. It is clear in Figure 1, ») that the peak (115)
is shifted towards a larger angle when increasing x from 0.0
to 0.3.

3.1. Microstructure

The microstructure of the studied portions of the ceramic
SrBi_Nd,NbyOy (x = 0.0, 0.1, 0.2, 0.3) is identical at the
concentrations of x up to 0.2 (Figure 2); there are chaotically
densely-packed crystallites, whose sizes vary from ~ 0.8 ym
to ~ 5.0um. Generally, the grains have a homogeneous
internal structure, but in some areas, where they are inclined
to a cleavage plane, there are heterogeneities that are a stack
of layers of a submicron thickness (Figure 2, the selected
areas and arrows). Despite the fact that when x = 0.1 the
size distribution is slightly wider and less homogeneous than
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Figure 1. X-ray diffraction patterns of the ceramic SrBi,_NdNb,O9 (x = 0.0, 0.1, 0.2, 0.3) within the range of 26, 10°—60°.
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Figure 2. Microstructures and distribution of grain sizes when x = 0.0 (a) and x = 0.1 (b).
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Figure 3. Microstructure and distribution of grain sizes
when x = 0.2.

in the case when x = 0.0, their forms are approximated by
almost identical lognormal curves and 90% of the grain
sizes stay within the range from 1.0um to 3.0—3.5um,
with almost the same average size value of about 2.1 um.
When x =0.2, the ceramic structure is less dense
and exhibits cracks and pores of a partially technological
and diffusion nature (Figure 2). The grains also merge
chaotically, while their internal structure becomes generally
inhomogeneous (the layered structure can be seen almost
everywhere). At the same time, the grains look much larger
and thicker. Their maximum size can be up to ~ 11 um,
while an average growth is about 34 % in contrast to the
grains in the samples with the concentrations x = 0.0—0.1.
Analysis of size distribution of the crystallites
whenx = 0.2 also shows a lognormal behavior, which is
more uniform and has a ,heavier tail“ than in case when
x =0.0-0.1. Here, 90% of the sizes are in a wider
range 1—5um. The average grain size is about 3.2 um.
The microstructure analysis has shown that the ceramics
were cleaved predominantly along the grains, while the
ceramic itself had a high density. The grains are mainly
flat and irregularly-shaped and have quite well-defined
boundaries. It indicates an anisotropic of crystallites, which

is typical for the ASP family. The localized pores can have
both the technological as well as diffusion nature, which
seems to change with an increase of the concentration. With
the increase of the concentration, the average grain size
increases from ~ 2.1 um to ~ 3.2 um, too, which can affect
physical-mechanical properties of the materials.

3.2. Crystal lattice

The Xray diffraction data were used to determine
parameters of the lattice cell (the lattice constants ag, by,
co and the volume V'), which are listed in Table 1.

Table 1 also shows parameters of orthorhombic &b
and tetragonal 8¢’ deformation; the average tetragonal
period a,, the average thickness of one perovskite-like
layer ¢’; ¢’ = 3co /(8 + 6m), a, = (ag + bo)/(2v/2) — the
average value of the tetragonal period; ag, bo, co —
the lattice periods; 8¢’ = (¢’ — a;)/a, — deviation of the
cell from the cubic form, i.e. elongation or contraction
of the cubic form; §by = (bg — ag)/ag — orthorhombic
deformation [60,61]. The obtained parameters of the
lattice cell of the studied sample SrBi;Nb,Oo: a = 5.55 A,
b=5.48A, c =25.261A [62].

A tolerance factor 7 was introduced by V.M. Gold-
schmidt [63] as a geometric criterion that determines a
degree of stability and distortion of the crystal structure:

t= (RA —i—Ro)/ [ﬁ(RB +RO)] s (1)

where R4 and Rp — the cation radii in the sites A and B,
respectively; Ro — the ion radius of oxygen. The values
of the tolerance factor ¢ for the studied sample are given in
Table 2. The tolerance factor was calculated in the present
study taking into account a table of the R.D. Shannon
ionic radii [64] for the respective coordination numbers
(CN) (0>~ (CN=6), Ry = 1.40A; Nb>* (CN = 12),
Ryps+ = 0.64 A. Shannon did not provide the ionic radius
of Bi** for coordination with CN = 12. Therefore, its
value was determined from the ionic radius with CN = §
(Rgp+ = 1.17A), which is multiplied by the approxima-
tion coefficient of 1.179, whereas for Bi*t (CN = 12)
Rpo = 1.38A.

3.3. Dielectric properties

Figure 4 shows the dependences of relative permittivity
e/ep and the dielectric loss angle tangent tgé on the
temperature for ASP SrBi;_,Nd,Nb,Og (x = 0.0, 0.1, 0.2,
0.3) at the frequency values from 100 kHz to 1 MHz for the
ceramics sintered at the temperatures of 1140 °C.

The permittivity maximum that corresponds to the
Hferroelectric—paraelectric®  phase transition (CT) is
clearly observed for a series of the solid solu-
tions SrBiy_,Nd,Nb,Oy (x = 0.0, 0.1) at the frequencies
from 100kHz to 1 MHz. It is also possible for this series
to observe a correspondence of the minimum of tgé within
the area of the Curie temperature 7Tc. A smeared maximum
of €/&(T) is observed for the series SrBi;_,Nd,NbyOg

Physics of the Solid State, 2025, Vol. 67, No. 8
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Table 1. Parameters of the lattice cell ao, bo, co, V, a; — the parameter of the tetragonal period, ¢’ — the height of the octahedron

along the axis ¢, 8¢’ — deviation from the rhombic form, §by — rhombic distortion
Compounds ao, A bo, A co, A v, A3 ¢ A a:, % 5c’, % 8bo, %
SrBi;Nb,O9 551 55 25.16 762.474 3.774 3.893 —3.08 —0.20
SrBi; 9Ndo,1 NbyO9 5.539 5.518 25.161 769.025 3.7742 3.909 —3.40 —0.37
SrBi; sNdo,2Nb,O9 5.542 5.515 25355 774935 3.80 3.909 —2.80 —048
SrBiy,7Ndo,3Nb2O9 5.538 5.512 25308 772.538 3.796 3.906 —2.80 —047

Table 2. Tolerance t-factor, the Curie temperatureTc, relative permittivity €/ey and loss tangent tg §, which are measured at the frequency

of 100kHz, piezoelectric constant ds3.

Ne Compounds t-factor T, °C e/&o tgd dz3, pC/H
1 SrBisNb, Oy 0971 41 646 04 76
2 SrBij oNdo 1Nb,Oo 0.969 375 386 0.15 70
3 SrBij §Ndo sNb,Oo 0.968 318 275 0022 738
4 SrBij 7Ndg sNb,Oo 0.966 235 204 0012 5.1
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Figure 4. Temperature dependences of relative permittivity e/ey(T) (a, b) and tgé$ for SrBi,_,Nd—xNb,Oy (x = 0.0, 0.1, 0.2, 0.3).

(x = 0.2, 0.3), wherein a temperature of its maximum can
be related to the phase transition temperature 7¢c. For tgd,
SrBi;_,Nd,Nb,O9 does not exhibit the usual dependence of
the Curie temperature 7¢ and the minimum of the value of
tg § within the interval x = 0.2—0.3 (see Figure 4). Besides,
there is also a shift of the minimum of tgé towards the
higher values within the interval x = 0.0—0.3 from the
phase transition temperature. It can be a more explicit
feature of the relaxor properties of SrBi,_,Nd,Nb,Og
(x =0.2, 0.3) as compared to a shift of ¢/&y(T) towards
the higher values of the temperature with increase of
the frequency (Figure 4,a). The relaxor properties of
SrBiy_ Nd,Nb,Og¢ within the interval x = 0.2—0.3 are
attributed to the fact that the neodymium ions replace the

Physics of the Solid State, 2025, Vol. 67, No. 8

bismuth ions not in the perovskite-like layer, but in the
fluorite-like bismuth-oxygen (Biy0,)*" layers.

With increase of the concentrations of the Nd** ions in
the series of the synthesized compounds SrBi;_,Nd, Nb,Og
(x =0.0, 0.1, 0.2, 0.3), there is reduction of the value
of dielectric loss angle tangent tgé in almost 30 times
(see Table 2) for SrBi,—,Nd,Nb,O¢ (x =0.3) as com-
pared to the undoped SBN. Doping of the composition
SrBiy ,Nd,NbyOg (x = 0.0, 0.1, 0.2, 0.3) with the Nd**
ions results in a decrease of the dielectric loss angle tangent,
thereby indicating reduction of the concentration of oxygen
vacancies.

Figure 5 shows variation of the phase transition temper-
ature Tc with increase of the concentration of Nd**(x).
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Figure 4 (continued).

The Curie temperature T¢ decreases almost linearly with
increase of the Nd dopant. A possible reason for this can
be reduction of distortion of the NbOg octahedron for the
ceramic SrBi;_,Nd,Nb,Oy (x = 0.0, 0.1, 0.2, 0.3). The
Bi** ion in the perovskite-like layer has one unshared pair of
6s? electrons [65]. Besides, some studies have indicated that
for ASP the fluorite-like Bi,O; layers and the perovskite-
like layers are under tensile and compressive stress [66,67]

and, consequently, when replacing with the smaller-radius
ion, the perovskite-like layers will experience smaller stress
forces, thereby resulting in reduction of distortion of the
oxygen octahedron.

Besides, the unshared pairs of electrons have a tendency
of occupying more space than electrons of a binding
pair in accordance with the valence shell electron pair
repulsion theory. Thus, the degree of distortion of the

Physics of the Solid State, 2025, Vol. 67, No. 8
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Figure 5. Dependence of the Curie temperature 7c on the

concentration of Nd**.

NbOg octahedrons will decrease when Bi** are replaced
with Nd3* that have not unshared pairs of electrons.

It can explain reduction of the phase transition temper-
ature with simultaneous reduction of the volume of the
crystal cell V, A3 (Table 1).

3.4. Ferroelectric properties

Figure 6 shows the dependence P(E) for the series
of the compounds SrBi,_,Nd,NbOy (x =0.0, 0.1, 0.2,
0.3). The obtained hysteresis loops P—E are not saturated
and have an elongated shape. As can be seen, with
partial replacement of Bi with Nd, residual polarizability
P, and the coercive force Ey practically did not change for
SrBiy_,Nd,Nby,O9 — (0.0, 0.1, 0.2) as compared to SBN.
For SrBi;_Nd,Nb,Og (x = 0.3) residual polarizability P,
has increased in 2.5 time as compared to SBN.

3.5. Activation energy

The activation energy E, was determined from the
Arrhenius equation:

o = (A/T)exp[—Ea/(kT)] (2)
where ¢ — electrical conductivity, k¥ — the Boltzmann
constant, A — the constant, £, — the activation energy.

The typical dependence of Ino (o-conductivity) on 10*/T
(at the frequency of 100kHz), which has been used to
determine the activation energy E,, is shown in Figure 7
for ASP SrBiyNb,Og. The compounds SrBi,_,Nd,Nb,Og
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Figure 6. Hysteresis loops P—E for the samples SrBi,_,Nd:Nb,Oy (x = 0.0, 0.1, 0.2, 0.3).
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(x =0.0, 0.1) have two temperature ranges in which the Doping ~ with ~ Nd** for the  composition

activation energy E, differs significantly in a value. Within
the low temperatures, electric conductivity is predominantly
determined by impurity defects with very low activation
energies of about one hundredth of an electronvolt. The
intrinsic conductivity activation energy is E; ~ 0.6—0.8eV.
For the compounds SrBi,_,Nd,Nb,Oy (x = 0.2, 0.3) of
Figure 7,b,¢ such activation values do not exist, since
the phase transition temperatures for SrBi,_,Nd,NbyOg
(x =0.2, 0.3) are within a range of impurity conductivity
temperatures (see Figure 5).

4. Conclusions

The present study has investigated electrophysical prop-
erties of the perovskite-like oxides of ASP for the solid
solutions SrBi,_,Nd,Nb,O9 (x = 0.0, 0.1,0.2,0.3).

The ceramic was made using the traditional method of
solid-phase reaction. The X-ray diffraction patterns are
indexed as orthorhombic A2iam for all the ASP solid
solutions.

SrBiy_Nd,NbyOy (x = 0.2, 0.3) reduced the dielectric
loss angle tangent in 30 times as compared to the
undoped SBN.

The piezoelectric constant of the compound
SrBiy_,Nd,NbyO9 (x =0.2) is higher than for SBN,
which is related to reduction of the oxygen vacancies.

The minimum Curie temperature 7c = 235°C for
the synthesized series was obtained for the compound
SrBiQ,debeQOQ (x = 03)

Doping with Nd3* reduced the Curie temperature Tc
with increase of x. With increase of the concentration of
Nd**, the relaxor properties of SrBiy_,Nd,Nb,Og (x = 0.0,
0.1,0.2,0.3) increased.

For the synthesized series of the compounds
SrBiy_,Nd,Nb,Oy (x = 0.0, 0.1, 0.2), residual polarizability
P, and the coercive force E; remained almost unchanged.
At the same time, for the compound SrBi,_,Nd,Nb,Og
(x = 0.3) residual polarizability P, increased almost in 2.5
times as compared to the undoped SBN compound with the
almost unchanged coercive force E;.
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