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Crystal structure and piezoelectric and dielectric properties
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Aurivillius—Smolensky (AS) ceramics SrBixNb,—Ta,O9 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0), number of perovskite-
like layers n = 2 were synthesized (for x = 0.2, 0.4, 0.6, 0.8, 1.0) by traditional solid-phase reaction. According to
X-ray powder diffraction data, it was found that all compounds are single-phase with the structure of AS phases
(number of perovskite-like layers n = 2) with an orthorhombic crystal lattice (space group A2;am). The crystal
lattice parameters a, b, and ¢ were calculated, relative dielectric constant €/&o(7T'), dielectric loss tangent tg §, Curie
temperature Tc, and piezoelectric modulus d33 were measured.
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1. Introduction

In 1949 when studying the system Bi,O3—TiO, V. Auri-
villius found that BisTi3O;, oxide with a perovskite-
type structure was formed [1]. Ten years later, the
G. Smolenskii’s group [2] discovered ferroelectric pro-
perties in Bi,PbNb,Og that belongs to this compound
family, which was followed by an intense stage of in-
vestigation of these compounds. In this regard, these
compounds can be rightfully called Aurivillius-Smolensky
phases (ASP) [3]. In 1961—1962 E.. Subbarao obtained
about ten new compounds, almost all of them turned
out to be ferroelectric [4,5]. As of now, hundreds of
the ASPes are synthesized. They form a large family
of bismuth-containing perovskite-type layered compounds,
the chemical composition of which is described by the
general formula BiA,,—1B,03,,+3. ASP crystalline structure
includes alternating layers of [Bi,O,]?*, separated by m
perovskite-like layers [A,,_1B,,O3,+1]>~, where A-positions
are occupied by large-radius ions: Na* [6], KT [7], Ca?* [§],
Sr2* [9], Ba®* [10], Pb2* [11], Y3* [12,13], Bi**, La3* [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 exhibit dodecahedral coordination. B-positions inside
oxygen octahedra are occupied by highly charged (> 3%)
cations of small radius: 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 perovskite
layers m [A,— 1B »O3,11])*~ located between the fluorite-like
layers [Bi,O]** along pseudo-diagonal axis ¢ [32], and can
be an integer or a half-integer [33] number in the range 1-5.
Substitutions of atoms at positions A and B significantly

affect the electrical properties of the ASP. There are large
changes of permittivity and electrical conductivity; besides,
the Curie temperature 7c can also vary widely. Thus,
the study of the cation-substituted ASP compounds is of
great importance in the development of materials for various
technical purposes.

SrBi;Nb;Og (SBN) is one of the most promising candi-
dates for non-volatile random access memory and resonators
with frequency variation accuracy (about 15 %) [34-36).

Numerous studies have been conducted to improve the
ferroelectric and piezoelectric properties of SBN ceramics
by ion alloying [37,38]. The doping of Pr, Nd, and La po-
sitions of Bi in SBN leads to a relaxation behavior [39-41].
Also high piezoelectric constant dzz < 20 pC/N, low dielec-
tric losses of SBN [42-45] and excellent tendency of a ,,;no
fatigue* [46-50] were reported.

This study is aimed at investigating the effect of iso-
morphic substitution on the piezoelectric properties of
synthesized series of SrBi;Nb,_,Ta, Oy (x = 0.0, 0.2, 0.4,
0.6, 0.8, 1.0).

2. Experiment

The polycrystalline ASP series SrBipNb,_,Ta,Og
(x =0.0, 0.2, 04, 0.6, 0.8, 1.0) was synthesized by a
solid-state reaction of the appropriate oxides Bi,O3, SrCOs,
TayOs, NbpOs. All the starting compounds were of AR
(analytical reagent) grade. After weighing in a stoichiomet-
ric composition and thorough fining of the initial oxides with
addition of ethanol, the pressed samples were ignited at the
temperature of 860—870°C during 4h. The samples were
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Table 1. Bond lengths in an oxygen octahedron for SrBi;Nb,_,Ta, Oy

No. Sample l(Nbl—Ol) l(sz—Oz) l(Nb4—O4) l(Nb—Os)
1 SrBi;NbTaOg 2.1465 1.9295 2.0698 2.06287
2 SI‘BiszLzTao‘gOg 2.1471 193101 2.0698 2.0623
3 SrBisz144Ta04609 2.144 1.9274 2.0698 2.0624
4 SrBi;Nb; ¢Tag 409 2.1455 1.92877 2.0698 2.0623
5 SrBi;Nb; g§Tag 209 2.1437 1.9271 2.0709 2.065
6 SrBi;Nb,Oy 2.1456 1.9288 2.0698 2.0623
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Figure 1. a) X-ray diffraction patterns of ceramics SrBirNb,_,Ta,Oy (x = 0.0, 0.2, 04, 0.6, 0.8, 1.0) within the frequency range 20
10—60°. b) Crystalline structure of SrBiNb,Og shown with the lattice and positional parameters in the oxygen octahedron.

calcinated in a muffle furnace in air. The sample was then
crushed, repeatedly fined and pressed into pills of a diameter
of 9mm 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 CuK,, o, was picked up
out of the general spectrum by means of a Ni filter. The
X-ray image was measured in the angle range 20 from 10
to 60° with a scanning step of 0.02° and an exposure
(intensity registration time) of 4s per point. The analysis
of the X-ray profile, the determination of the position of
the lines, their indexing (hk/) and the refinement of the
structure were carried out by the Rietveld method in Full
Prof Suitt program. In order to measure the permittivity
and electric conductivity, electrodes were applied onto flat
surfaces of the studied samples using Ag paste annealed
at the temperature of 720°C (20min). The temperature
and frequency characteristics of the dielectric characteristics
were measured using E7-20 LCR meter in the frequency
range from 100kHz to 1 MHz and in the temperature range
from the room temperature to 500°C. The piezoelectric

constantd;; was measured by polarizing the sample in an
oil bath at 150 °C under voltage 45—65kV/cm for 30 min.
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.

3. Results and discussion

Powder X-ray diffraction patterns of all the studied solid
solutions SrBi;Nd;_Nb,Oy (x = 0.0, 0.2, 04, 0.6, 08,
1.0) correspond 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
JCPDS file of No. 49-0617 (No. 36 in PCW 2.4). Figure 1,a
shows the experimental powder X-ray diffraction pattern
of the studied compounds SrBi;Nb,_,Ta, Oy (x = 0.0, 0.2,
04, 0.6, 0.8, 1.0). The peak (115) in the X-ray diffraction
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Table 2. Lattice cell parametersao, bo, co, V, a; — parameter of tetragonal period, ¢’ — height of octahedron in ¢, axis §¢’ — deviation
from cube shape, §byp — rhombic distortion
No. Sample ag, A bo, A co, A c’ a; 8¢’ 6bo v, A

1 SrBi;NbTaO9 5.5103 5513 25.0648 3.7686 3.9064 —3.52 0.235 761.425

2 SrBi,Nb;.2Tag 509 5.5072 5.5142 25.0072 3.76365 3.9068 —3.66 0.216 759.413

3 SrBi;Nby 4Tag.6O9 5.5064 5.5168 25.0356 3.7674 3.9043 -3.5 0.345 760.275

4 SrBi;Nbi 6Tag.409 5.5062 5517 25.0537 3.7656 3.9046 —3.56 0.235 761.074

5 SrBi;Nby sTag 209 5.5109 5.5197 25.0317 3.767 3.905 —3.53 0.217 761.427

6 SrBi;Nb, Oy 5.5059 5.5167 25.054 3.768 3.904 —-3.48 0315 761.

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 [51].

Table 1 shows the lengths of the Nb/Ta—O bonds for the
series SrBi,Nb,_,Ta, Oy (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0).

3.1. Crystal lattice

The X-ray diffraction data were used to determine
parameters of the lattice cell (lattice constants ag, bo, co
and the volume V'), which are listed in Table 2.

Table 2 shows the parameters of orthorhombic §by and
tetragonal §¢’ deformation; the average tetragonal period
is a,, the average thickness of one perovskite-like layer
is ¢/, where ¢’ = 3co/(8 + 6m), a, = (ag + bo)/(2v/2) —
average parameter of tetragonal period; ag, by, co —
lattice periods; 8¢’ = (¢’—a;)/a; — deviation of the cell
from the cubic shape, that is, elongation or contraction
of the cubic shape; 6by = (bp—ag)/ag — orthorhombic
deformation [52,53]. A tolerance factor ¢ was introduced
by V.M. Goldschmidt [54] as a geometric criterion that
determines a degree of stability and distortion of the crystal
structure:

t = (Ra + Ro)/V2(Rs + Ro), (1)

where R4 and Rp are the radii of cations in the sub-
lattice A and B, respectively; Ro is the ionic radius of
oxygen. Obviously, the value of ¢ has the same value
for the entire range of synthesized compounds. In the
present study, the tolerance factor was calculated taking
into account the table of ion radii of R.D. Shannon [55]
for the corresponding coordination numbers (CN): O?~
(CN=6), R>- = 1.40 A; Ta>* (CN =12), Ry = 0.64 A,
Nb>* (CN =12), Ryys+ = 0.64 A. Shannon did not use the
jon radius Bi** to coordinate with KH=12. Therefore,
its value was determined from the ion radius with CN=6
(Rgs+ = 1.17A) multiplied by the approximation fac-
tor 1.179, then for Bi’* (CN=12) Rgs: = 1.38A.

As can be seen from Table 2, ¢’ has a negative value,
which corresponds to ,,compressed” state of the octahedron
in the perovskite layer [56,57].
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Almost all cell parameters remain constant, which is
expected with the isomorphic substitution of Nb by Ta.

3.2. Dielectric properties

Dependences of the relative permittivity €/ep and the
dielectric loss angle tangent tgé on the temperature for
ASP SrBi;Nb,_,Ta,O¢ (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0),
the number of perovskite-like layers n =2 are shown
in Figures 2 and 3, respectively, at frequency values
from 100kHz to 1 MHz for ceramics, sintered at temper-
atures of 1140—1150°C.

The maximum permittivity e/&9(T'), corresponding to the
ferroelectric-paraelectric phase transition, is clearly observed
for the entire range of solid solutions SrBi;Nb,_,Ta,Og
(x=0.0, 02, 04, 06, 08, 1.0), n=2 at frequencies
from 100kHz to 1 MHz. For the series SrBi,Nb,_,Ta,O9
(x=0.2, 04, 1.0), n=2 the decrease in tgé almost
in ten times compared to SBN may be observed, for
this series SrBiNb,_,Ta,O9 (x = 0.6, 0.8) — in 2 times.
A decrease tgd for the whole series SrBiyNb,_,Ta,Og
(x=0.2, 04, 06, 0.8, 1.0) may be explained by the
decline in defects of the crystalline structure and, as a
consequence, lower number of oxygen vacancies. The
decrease in defects is due to the fact that the substitution
of Nb by Ta makes the bonds (Ta,Nb)—O less covalent.
Since 5d-orbital of Ta is longer than 4d-orbital of Nb,
hybridization of S5d-orbital of Ta with O2p reduces the
binding energy and makes the bond less covalent. Covalence
is essential in structural distortions and ferroelectricity
in ferroelectric oxides [58]. Thus, a decrease in the
covalent interaction in the octahedral unit leads to a
decrease in structural distortions and a lower in temperature
Curie T¢.

For the whole series SrBi;Nb,_,Ta,O9 (x = 0.2, 04, 0.6,
0.8, 1.0) an absence of depression ¢/&y(T) over frequency
is observed. For tgé SrBiyNb,_,Ta, Oy (x =0.2, 0.4) in
the range x = 0.2—0.4 has no any usual dependence of
the Curie temperature 7¢c and the minimum value tgd is
observed (see Figure 3,f and e). In addition, there is a
mixing of the minimum tg § towards higher values for x = 0
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Figure 2. Temperature dependences of relative permittivity €/&y(7T) for StBi;Nb,_,Ta,Oy (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0).

from the phase transition temperature, which may be an
indirect sign of the relaxor properties of SrBi;Nb,Og, on
the one hand. On the other hand, the substitution of Nb
by Ta at values of x = (.2 is associated with a decrease in
oxygen vacancies and lower dielectric losses. The fact that
at a concentration of x = 0.2there is no substitution of Nb

by Ta in the oxygen octahedron can be judged by a slight
change in Curie temperature of Tc = 435 and 430°C for
x = 0.0 and 0.2 accordingly.

Table 3 gives the temperatures of phase transition 7¢ with
the rise of parameter x. The Curie temperature T¢ decreases
almost linearly with increase of x.

Physics of the Solid State, 2025, Vol. 67, No. 10
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Figure 3. Temperature dependences of the dielectric loss angle tangent tgé for SrBi;Nb,_,Ta,O9 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0).

45—65kV/cm for 30 min. The values of the piezoelectric

As can be seen from Table 3, the temperature of the
phase transition 7¢ exhibits an almost linear dependence on

the parameter x.

3.3. Piezoelectric measurements

The piezoelectric constantd;; was measured by polari-
zing the sample in an oil bath at 150°C under voltage
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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. The value
of piezoelectric constant d33; for SBN stoichiometric ce-
ramics was 14pC/N and is in good agreement with the
published values [59]. For SrBi;Nb,_,Ta,O9 (x =0.2,
04, 0.6) the values of piezoelectric constant are within
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Table 3. Curie temperature Tc, relative permittivity €/&y and loss
tangent tg §, measured at 100 kHz, piezoelectric constant d33

No.| Composition |T¢, °C|e/eo |ds3, pC/N |tgd (100 kHz)
1 |SrBi;NbTaOy 360 | 580 14 0.05
2 | SrBiyNb;2TagsO9 | 380 | 490 12 0.14
3 |SrBi;Nb; 4Tag 09 | 400 | 528 17 0.1
4 | SrBi;Nb Tao409 | 415 | 360 16 0.05
5 | SrBiaNb; sTap,09 | 430 | 513 17 0.04
6 | SrBi;Nb,Oy 435 | 935 14 0.38

16—17 pC/N, for SrBi;Nb,_,Ta, Oy (x = 0.8, 1.0) — in the
range 12— 14 pC/N. The growth of the piezoelectric constant
from 14 to 17 pC/N can be attributed to a lower amount of
defects in the compounds and a decrease in the degree of
covalence, and is completely unrelated to a decrease in the
covalence of bonds in the oxygen octahedron.

4. Conclusions

The electrophysical properties of perovskite-like oxides
AS of solid solutions SrBi;Nb,_,Ta,O9 were studied
(x=0.0, 02, 04, 06, 08, 10). The ceramic was
made using the traditional method of solid-phase reaction.
The X-ray diffraction patterns are indexed as orthorhombic
A2 am for all the ASP solid solutions. Isomorphic substitu-
tion of Nb by Ta for StBi;Nb,_,Ta, Oy (x = 0.0, 0.2, 04,
0.6, 0.8, 1.0) resulted in lowering the Curie temperature
Tc by 75°C, from 435°C for SrBi;Nb,Og to 360 °C for
SrBi;NbTaOy. The dielectric loss angle tangent decreased
by 10 times for SrBi;Nb; §Tap 209 compared to unalloyed
SBN. Obviously, lower tgé leads to increasing ds3.

Piezoelectric constant for the entire range of synthesized
compounds SrBi;Nb,_,Ta,O9 (x = 0.0, 0.2, 0.4, 0.6, 0.8,
1.0) has a value from 12 to 17pC/N, which allows us to
conclude that the piezoelectric constant is independent of
the degree of bond co-valence in the oxygen octahedron
during isomorphic substitution.

Synthesized compounds of SrBi,Nb,_,Ta,Og series
(x =0.0, 0.2, 04, 0.6, 0.8, 1.0) are candidates for high
temperature piezoelectric applications.
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